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Review Article 



THE ROLE OF CYTOKINES IN THE 
PATHOGENESIS OF INFLAMMATORY 
EYE DISEASE 

Denis Wakefield* and Andrew Lloyd 



A coherent view of the role of cytokines in inflammatory eye disease is emerging as a result of 
studies both in man and experimental animals. Cytokines have been demonstrated in ocular 
ti^ue obtained from patients with intraocular inflammation (uveitis) (gamma interferon, 
IL-2) and have been shown to induce inflammation in experimental animals after intraocular 
injection |(IL-1, IL-6y EL-S, tumour necrosis factor (TNF)9 granulocyte macrophage-colony 
stimulating factor (GM-CSF)]. Several unique features of the immunology of the eye such as 
the immunosupression associated with anterior chamber associated immune deviation (ACAID) 
may be due to die effects of cytokines. Similarly, common complications of ocular inflammation 
such as glaucoma, keratic precipitates, retinal (macular) oedema and neovascularization may 
be mediated by cytokines. Understanding of the role of cytokines in inflammatory eye disease 
has the potential to lead to die development of therapies to abrogate the effects of these unportant 
mediators of the inflammatory response. 



Inflammation of the eye is a.common clinical prob- 
lem that may involve any part of the eye. The uvea, the 
middle coat of the eye, takes the brunt of most serious 
ocular inflammation as a result of its extreme vascular- 
ity. Uveitis is a complex group of diseases resulting 
from diverse aetiologies and pathogenic mechanisms, 
the study of which has provided increasing insight into 
the role of cells and biologically active mdlecules in 
the immunopathogenesis of these diseases. Uveitis is a 
leading cause of visual impairment and blindness in 
most countries.**^ It is characterized by acute, recurrent 
or persistent inflammation that may effect the anterior 
(anterior uveitis, AU) or posterior uvea (posterior 
uveitis, PU). Despite extensive investigation, uveitis re- 
mains an idiopathic disease in the vast majority of 
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cases. Recent evidence from studies in human uveitis 
and animal models, including experimental autoim- 
mune uveitis (EAU) induced by several different retinal 
antigens, and endotoxin-induced uveitis (EIU) induced 
by lipopolysaccharide (LPS), has significantly in- 
creased our knowledge of the pathogenesis of ocular 
inflammation. 

There is considerable experimental evidence for the 
concept that T cells and cytokines play a major role in 
the pathogenesis of uveitis. First, T cells have been 
demonstrated to be the most abundant cell type in the 
uveal tissue, retina, aqueous and vitreous humor of 
patients with uveitis.^ T cells are also the principle cells 
implicated in the pathogenesis of retinal-S antigen-in- 
duced EAU.^ Adoptive transfer experiments have re- 
vealed that T lymphocytes, and not serum, can transfer 
this disease/ Inflamed uveal tissue demonstrates in- 
creased HLA class I and class II antigen expression, 
probably induced by cytokines.^'^ Interleukin 2 (IL-2) 
has been detected in inflamed uveal and retinal tissue 
and IL-2 receptor levels are increased in patients with 
certain types of uveitis.* Finally, the dramatic suppress- 
ive efiect of cyclosporin-A in controlling uveitis has 
been repeatedly demonstrated in EAU and human 
disease.'*'^ This immunosuppressive drug is known to 
inhibit the synthesis of several cytokines, particularly 
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IL-2 and interferon (IFN) gamma." It is likely that the 
secretory products of T cells and other cytokines play 
an important role in the pathogenesis of uveitis. 

Evidence for the role of cytokines in the pathogen- 
esis of uveitis comes principally from: (a) detection of 
cytokines in ocular tissue or fluid, (b) in-vivo studies 
in experimental animals and (c) in-vitro studies such as 
MHC antigen expression. 

INTERLEUKIN 1 

Evidence of an acute phase response in patients 
with uveitis indicates the likelihood of increased IL-1 
(or tumour necrosis factor (TNF) and/or IL-6) activity 
in such patients.'^ Intravitreal injection of recombinant 
IL-1 into the rabbit or rat eye leads to the development 
of a severe uveitis. 

The relative concentration of IL-1 in ocular fluids 
and the in-vivo production of IL-1 by ocular cells and 
infiltrating inflammatory cells in the human eye has 
not been ascertained. Helbig and colleagues*^ recently 
reported the effects of endotoxin on the production of 
inflammatory mediators by cultured bovine pigmented 
ciliary epithelial cells. Using bioassays they found mem- 
brane-associated IL-1 activity in response to endotoxin, 
but no TNF activity was detected. 

Two groups have reported that IL-1 is a potent 
angiogenic factor, an observation of considerable rel- 
evance to ocular disease where neovascular prolifera- 
.tion is a common manifestation.'^**' 

INTERLEUKIN 2 

Hooks et al.* demonstrated the presence of IL-2 in 
the cytoplasm of lymphocytes infiJtrating the choroid 
of patients with sympathetic ophthalmia. Recently, Ro- 
senbaum et al." have reported increased IL-2 receptor 
levels in the serum of patients with a variety of uveitis 
syndromes including: sarcoid uveitis, pars planitis and 
bilateral chronic anterior uveitis. It is highly likely that 
IL-2 is involved in ocular immune responses, especially 
in view of the presence of activated T cells in the uvea 
and peripheral blood of patients with active uveitis and 
its crucial role in T cell-mediated immunity. 

INTERLEUKIN 6 

IL-6 appears to be an important mediator of the 
inflammatory response and several studies indicate its 
potential role in inflammatory eye disease. Koekzema 
and Kijlstra*^ examined the serum and aqueous humor 
concentrations of IL-6 in rats with endotoxin-induced 
uveitis, and rats made tolerant to endotoxin. Using a 
bioassay, they found elevated levels of IL-6 in the 
serum and aqueous humor of these animals. Further- 
more, they have shown that intravitreal injection of 



IL-6 into both rats and rabbits produces uveitis. This 
same group have recently detected IL-6 in the aqueous 
humor of patients with heterochromic cyclitis, a 
chronic idiopathic form of anterior uveitis often com- 
plicated by glaucoma in which the iris loses pigment 
and undergoes atrophy (personal communication). The 
cellular source of IL-6 in the eye has not been ascer- 
tained, although it is likely that a variety of resident 
ocular cells and inflammatory cells are responsible for 
its production. 

TUMOUR NECROSIS FACTOR 

Bando et al.^*^ have extensively studied the time 
course of appearance of TNF-a in endotoxin-induced 
uveitis (EIU). The observed leukocytosis and increased 
protein concentration in the aqueous himaor correlated 
with the pattern of increased serum TNF-a levels. 

Rosenbaum et al.*^ examined the effects of intra- 
vitreal injection of TNF, IL-1 and endotoxin in a rabbit 
model of uveitis. They found that recombinant human 
TNF-a produced inconsistent and mild inflanwnatory 
changes in the iris and ciliary body, that were less 
marked than those produced by IL-1 or endotoxin. 
There have been no reports of the detection of TNF-a 
in the serum or aqueous of patients with uveitis. 

INTERFERON GAMMA 

Interferon ganuna (IFN-y) also appears to play an 
important role in the pathogenesis of uveitis. In patients 
with uveitis there is increased expression of both class 
I and class II HLA antigens on the cells of the iris,*'^ 
retinal pigment epitheliimi and vascular endothelium.* 
It has been shown that the degree of enhanced ex- 
pression of these HLA antigens on the iris is directly 
correlated with the concentration of IFN-y in the aque- 
ous humor.^ The concentration of IFN-y is not in- 
creased in the serum of most patients with anterior 
uveitis,^^ although it has been shown to be increased 
in the serum of patients with Behcet's syndrome," a 
systemic inflammatory disease involving multiple or- 
gans associated with severe uveitis. Patients with ante- 
rior uveitis have been shown to have increased serum 
neopterin levels reflecting systemic IFN-y activity.^* 

Human uveal cells, with the exception of vascular 
endothelium, normally express little or no class I HLA 
antigens in vivo.^'^ These antigens are inducible on 
uveal cells in vivo by cytokines, especially IFN-y. Abi 
Hanna and Wakefield^^*^"* have examined the effects of 
a number of different cytokines, and combinations of 
cytokines, for their effect on HLA antigen expression 
on uveal cells. These experiments revealed that IFN-y 
is the most potent inducer of class I and class II HLA 
antigen expression .^'''^^ Combinations of IFN-y with 
TNF-a and TNF-P produced an enhancement of class 
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I antigen which was more than the additive effect of • 
the two cytokines alone. Moreover, it has been shown 
that iris cells in biopsies from patients with anterior 
uveitis (AU), and retinal pigment epithelium from pa- 
tients with posterior uveitis, but not from patients with 
senile cataract or normal eyes, express class I HLA 
antigens in vivo.^ These observations, and those of 
others, suggest that uveal inflammation may only be 
possible following HLA antigen induction on specific 
target tissues, and that IFN-y, along with other cyto- 
kines, may be involved in this process. 

Further evidence for the role of IFN-y in uveitis 
is provided by studies demonstrating that intravitreal 
injection of this cytokine into the eyes of experimental 
animals enhances the production of EAU induced by 
retinal antigens such as interphotoreceptor retinoid- 
binding protein (IRBP). Recently, Atalla et aL^^ have 
shown that the systemic injection of antibodies to 
IFN-Y in animals, prior to the induction of EAU, ame- 
liorates this disease. In contrast, Caspi et al." have 
shown that antibodies to IFN-y can enhance the devel- 
opment of EAU. Thus, IFN-y appears to be an impor- 
tant cytokine in the induction and perpetuation of 
uveal inflanmiation in patients with inflammatory eye 
disease. 

INTERLEUKIN 8 

Ferrick et al.^^ have recently shown that the intra- 
vitreal injection of IL-8 into the eyes of experimental 
animals is capable of inducing an acute inflanmiatory 
response. However, the role of this cytokine in human 
disease is yet to be studied. 

COLONY STIMULATING FACTORS 

Rosenbaum et al.^' have demonstrated that the 

intravitreal injection of granulocyte macrophage- 
colony stimulating factor (GM-CSF) is capable of in- 
ducing uveitis in the rabbit eye. It is interesting to note 
that this inflammatory response is also associated with 
a decrease in intraocular pressure. Thus GM-CSF may 
be involved in the pathogenesis of uveitis and possibly 
the regulation of intraocular pressure, although its role 
in human disease has not yet been clearly ascertained. 

TRANSFORMING GROWTH 
FACTOR BETA 

TGF-P is potentially one of the most interesting 
cytokines in relation to inflanunatory eye disease. 
Cousins et al.^ have shown that this cytokine is present 
in the aqueous humor of normal non-inflamed eyes. 
Streilein's group^' have presented fascinating data indi- 
cating that TGF-P may be intimately involved in the 
anterior chamber associated immune deviation 



(ACAID) phenomenon, whereby injection of tumours 
or other antigens into the anterior chamber of the eye 
will lead to a suppression of the cell mediated immune 
response to these antigens after systemic challenge. The 
cause of this suppressed immune response is unknown, 
although recent studies indicate that one of the factors 
that may be involved in this immune suppression is 
TGF-p.^® It is tempting to postulate that this inhibitory 
cytokine may also play an important role in other im- 
mune responses within the eye, particulariy related to 
the control of the inflammatory response in uveitis. 
Thus far there have been no studies of this cytokine in 
human uveitis. 

It is possible that a variety of other cytokines play 
an important role in the pathogenesis of inflammatory 
eye diseases. There is also evidence that certain cyto- 
kines are probably not important in the pathogenesis 
of these diseases. Rosenbaum et al.^ have shown that 
the intravitreal injection of IL-3 or GM-CSF into the 
vitreous of the eyes of experimental animals do not 
induce uveitis. There are no data available on the role 
of these cytokines in human disease. A theoretical 
model of the role of cytokines in the induction of uveitis 
is outlined below. 

HYPOTHETICAL ROLE OF CYTOKINES 
IN THE PATHOGENESIS OF UVETTIS 

Although the cause of most cases of uveitis remains 
unknown, it is believed that the disorder is precipitated 
by exogenous or endogenous antigens. Following anti- 
genic stimulation, a localized inunune response is 
generated in the eye. The initial event probably involves 
antigen processing and presentation by antigen-pre- 
senting cells (APCs). Whether this is mediated by en- 
dogenous ocular cells or infiltrating mononuclear cells 
has not been established, although it is known that a 
number of uveal and retinal cells can function as APCs 
including RPE, and uveal fibroblasts (Abi Hanna and 
Wakefield, unpublished observation). Retinal gUal cells 
(Muller cells) have been shown to profoundly suppress 
antigen activation, as well as IL-2 dependent expansion 
of T cells, through a contact dependent mechanism. As 
the retina is often involved in severe uveitis it is possible 
that organ resident, non-lymphoid cells such as the 
Muller cell, may play a role in the control of local 
immune responses in the eye.^^ 

In a typical T cell-mediated immune response the 
triggering antigen is processed by the APCs and the 
antigenic peptide is bound to major histocompatibility 
complex (MHC) molecules, on the cell surface, where 
it is recognized by T cells possessing antigen-specific 
receptors. Once activated these T cells secrete cytokines 
that stimulate and amplify the immune response. 

An initial event in the ocular inflanomatory re- 
sponse is exudation of proteinaceous material from di- 
lated blood vessels followed by the migration of 
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inflammatory cells into the eye. In order for this to 
occur leucocytes must first adhere to the vascular endo- 
thelium. Thus, within the inflamed uvea, increased ad- 
hesiveness of the post capillary venules for circulating 
polymorphonuclear leukocytes and mononuclear cells 
is probably an early event and may be due to the action 
of cytokines such as IL-1, TNF-a and IFN-y on the 
induction of adhesion molecules (e.g. ICAM-1/ 
ELAM) on the uveal endothelial cells." The subse- 
quent chemotaxis of these adherent,^Ils into the uvea is 
most likely under the influence of a number of factors, 
including IL-8. The expression of class II MHC anti- 
gens by endothelial cells and other cells of the inflamed 
uvea is stimulated by IFN-y (and possibly GM-CSF). 
It may be that induction of MHC antigens on uveal 
cells is one of the earliest events in uveitis and this 
change may result in an increased potential for antigen 
presentation and amplification of the ocular immune 
response.^ 

Activation and proliferation of ocular T cells, B 
cells and macrophages, is likely to be primarily related 
to the actions of IL-2, although IL-1, IL-6 and TNF-a 
may amplify these responses. The differentiation of 
these cells is primarily influenced by IL-2, with IL-1 and 
IL-6 perhaps also playing a part. There is accumulating 
evidence that IL-6, together vnth IL-1 and TNF-a are 
the most potent and important cytokines in local and 
systemic inflammatory responses. Macrophages are ac- 
tivated at the site of the inflammatory response by 
IFN-y, GM-CSF and IL-2. 

Uveitis is characterized by a nimiber of unique fea- 
tures that may be explicable in terms of the activity of 
specific cytokines. In severe uveitis and in recurrent 
uveal inflanunation, iris atrophy is often a striking fea- 
ture. The cause of this is unknown, although it is pos- 
sible that cytokines such as IFN-y, TGF-P and IL-6, 
which inhibit fibroblast prohferation in vitro, may play 
a role. The effects of such cytokines on uveal fibroblast 
proliferation has not been examined. One of the charac- 
teristic clinical signs of uveitis is the appearance of ker- 
atic precipitates (KP) on the endothelial surface of the 
cornea. Despite the fact that a variety of cell types have 
been reported to be present in such KP the pathogenesis 
of these lesions is completely unknown. We hypothesize 
that they are the result corneal endothelial cell (CE) 
activation by cytokines (e.g. IFN-y, TNF-a, IL-1) re- 
leased into the aqueous humor during uveitis. Such 
cytokines would be expected to activate the CE causing 
it to express adhesion hgands for leucocytes. Neovascu- 
larization, a common feature of the inflamed uvea may 
occur in response to IL-1, TNF-a, fibroblast growth 
factor (FGF), epidermal growth factor (EGF), TGF-P, 
GM-CSF and platelet-derived growth factor. Oedema 
of the macula, which is a conunon, sight-threatening 
complication of chronic uveitis, may be due to a 



TABLE L Possible role of cytokines in uveitis. 



Qinical features of uveitis 



Possible cytokines involved 



Increased vascular permeability, macula 

oedema, aqueous flare 
Expression of vascular and corneal 

adhesion molecules 
Lymphocyte infihration and activation 
Macrophage infiltration and activation 



HLA antigen expression 
Angiogenesis 

Iris atrophy and lack of fibroblast 

proliferation 
Changes in intraocular pressure, 

glaucoma, hypotony 



IL-l.TNF. INF-T 
TNF, IL-l 

IL-1, 2.4,6.8. TNF IFN-y 
IL-1, 2.4,6. TNF IFN-y, 

GM-CSF. M-CSF. 

MCAF 
IFN-y, IL-6. TNF 
IL-1. TNF. PDGF, 

TGF-P, FGFi PGF 
IL-6, IFN-y 

GM-CSF, IL-I. TNF 
IFN-y 



number of cytokines that increase vascular perme- 
ability, including IFN-y and TNF-a. Glaucoma, a fre- 
quent complication of uveitis, may also be promoted 
by cytokines that stimulate production of aqueous 
humor or impede aqueous drainage. Similarly, hypo- 
tony, the low pressure found in end stage blind eyes of 
chronic uveitis may be promoted by cytokines such as 
GM-CSF. The possible role of cytokines in uveitis are 
summarized in Table 1. 

A number of cytokine inhibitors, such as TGF-P, 
and the recently described IL-1 inhibitory molecules, 
may also play a modulatory role at the site of inflam- 
matory responses within the eye. 

A coherent view of the role of cytokines in uveitis 
is emerging as a result of studies both in man and 
experimental animals. Several unique features of the 
inununology of the eye such as ACAID may be due to 
the effects of cytokines. Understanding of the role of 
cytokines in uveitis has the potential for the develop- 
ment of therapies to abrogate the effects of these impor- 
tant mediators of the inflammatory response. 
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Matrix Metalloproteinases and Tumor Necrosis 
Factor a in Glaucomatous Optic Nerve Head 

Xiaoming Yan, MD, PhD; GUlgan Tezel MD; Martin B. Wax, MD; Deepak P. Edward, MD 



Obfective: To study expression and location of matrix 
meialloproteinases (MMPs) and tumor necrosis factor a 
(TNF-ot) in glaucomatous optic nerve heads, which are 
known to be secreted in response to a variety of neuro- 
nal injury. 

Methods: Four postmortem eyes from patients with pri- 
mary open-angle glaucoma, 7 eyes from patients with nor- 
mal-pressure glaucoma, and 4 eyes from age-matched nor- 
mal donors were studied by immunohistochemistry. The 
sections of the optic nerve heads were examined after im- 
munostaining with antibodies to MMPs (MMP-1, MMP-2, 
and MMP-3), TNF-a, or TNF-a receptor 1. 

Results: The intensity of the immunostaining and the 
number of stained cells for MMPs. TNF-a, or TNF-a re- 
ceptor 1 were greater in the glaucomatous optic nerve 
heads, particularly in eyes with normal-pressure glau- 
coma compared with age-matched controls. Positive im- 
munostaining was observed in all regions of the glauco- 



matous optic nerve heads, but most prominently in the 
posdaminar region. Immunostaining was observed mainly 
in glial cells and their processes around the axons and 
blood vessels and in pial septae. 

Conclusion: There is increased immunostaining for 
MMPs, TNF-a and TNF-a receptor 1 in the glaucoma- 
tous optic nerve head, which suggests increased expres- 
sion of these proteins in glaucoma and thereby implies a 
role in the tissue remodeling and degenerative changes 
seen in glaucomatous optic nerve heads. 

Clinical Relevance: The MMPs and TNF-a may be 
components of astroglial activation that occurs in 
glaucomatous optic nerve heads. The biological alter- 
ations in the expression of these proteins may play a 
role in the progression of glaucomatous optic neu- 
ropathy. 

Arch Ophthalmol 2000;118:666-673 
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HISTOPATHOLOGIC Studies 
of the glaucomatous op- 
tic nerve head in pri- 
mary open-angle glau- 
coma (POAG) reveal 
astrogUal activation and tissue remodel- 
ing, which accompanies neuronal dam- 
age. As a part of tissue remodeling, back- 
ward bowing and disorganization of the 
laminar cribriform plates are common 
characteristics of glaucomatous eyes with 
either normal or high intraocular pres- 
sure.^ These histologic changes are ac- 
companied by the up-regulation of extra- 
cellular matrix components, including 
collagen and proteoglycan, and adhesion 
molecules by optic nerve head astrocytes 
in glaucomatous eyes.^"^ The astroglial ac- 
tivation seen in glaucomatous optic nerve 
heads Ukely represents an attempt to limit 
the extent of the injury and promote the 
tissue repair process. However, despite the 
astroglial activation, there is limited depo- 
sition of extracellular matrix in glauco- 



matous optic nerve atrophy, which does 
not retain characteristics of scar tissue for- 
mation.^-^ This suggests that there are di- 
verse cellular responses lo the initial event 
or subsequent tissue injury, which pref- 
erentially results in tissue degradation. 

Matrix metalloproteinases (MMPs) are 
proteolytic enzymes that degrade compo- 
nents of extracellular matrix. Increased se- 
cretion of MMPs by activated glial cells have 
been implicated in various extracellular ma- 
trix remodeling events that occur during 
normal development and in a number of 
pathologic processes, including atheroscle- 
rosis, arthritis, tumor growth, and metas- 
tasis.'*^^ In addition, reactive astrocytes 
after neuronal injury produce various neu- 
rotrophic factors and cytokines, including 
tumor necrosis factor a (TNF-a), which 
play a critical role in the regulation of 
the synthesis of MMPs.^^"^^ Furthermore, 
the release of TNF-a from its membrane- 
bound precursor is a MMPs-dependent 
process.^® 



ARCH OPHTHALMOL/VOL 1 18. MAY 2000 WWW. ARCHOPHTHALMOL.COM 

666 



O2000 American Medical Association. All rights reserved. 



PATIENTS AND METHODS 



PATIENTS 

Four postmortem human eyes with a diagnosis of POAG 
and 7 human eyes with a diagnosis of NPG were obtained. 
The age of patients ranged from 68 to 84 years. Table 1 
ouriines the clinical findings that were available from glau- 
comatous eyes. Four human donor eyes with no history of 
eye disease were used as age-matched controls (age range, 
61-81 years). The death-to-fixation time for the speci- 
mens ranged between 6 and 9 hours. 

IMMUNOHISTOCHEMISTRY 

After enucleation, all eyes were fixed in 10% neutral buff- 
ered formalin for 24 hours, dehydrated in graded alcohol, 
and embedded in paraffin. Since some of the specimens con- 
tained only the optic nerve head and small portions of the 
peripapillary retina, retinal distribution of immunostaining 
was not studied. After deparafTmization, 5-pm-thick longi- 
tudinal sections of optic nerve heads were incubated with 
monoclonal andbodies against MMP-I, MMP-2, or MMP-3 
(2.5 iig/mL) (Oncogene Science, Cambridge, Mass) or poly- 
clonal antibodies against TNF-a or TNF-a receptor 1 (2 \ig/ 
mL) (R &D Systems, Minneapolis, Minn) overnight at 4°C, 
after endogenous peroxidase was blocked with 2% hydro- 
gen peroxide in methanol and followed by several washes 
in phosphate-buffered saline solution. The 3 anti-MMP an- 
tibodies recognized both latent as well as active forms of 
MMPs. Prior to incubadon with primary antibodies, the sec- 
tions were incubated with either mouse skin extract (dur- 
ing MMP staining) or 20% nonimmune donkey serum (dur- 
ing TNF-a and TNF-a receptor 1 staining) for 20 minutes 



to block background staining. Biotinylated secondary anti- 
body (anti-mouse or anti-goat IgG) (Dako Corp. Carpinte- 
ria, CaliO was applied to the sections for 30 minutes at room 
temperature. The sHdes were then incubated with horserad- 
ish peroxidase-labeledstreptavidinsoludon (Dako Corp) for 
30 minutes, and the reaction was visualized by incubation 
in a solution of 0,02% 3,3'-diaminobenzidine teu-ahydro- 
chloride and 0.006% hydrogen peroxide in 0.05M Tris-HCl 
(pH, 7.6). The slides were lighdy counterstained with Mayer 
hematoxylin. Sections incubated with mouse serum or phos- 
phate-buffered saline solution in place of the primary anti- 
body served as negative controls. Sections from biopsy speci- 
mens of infiltrating ductal breast carcinoma served as a 
positive control for all antibodies used in this study. 

Three to 5 sections from each optic nerve head were 
examined by immunohistochemistry for each protein in- 
cluding MMPs, TNF-ot, and TNF-a receptor 1. To obtain 
comprehensive semiquantitative evaluation of the immu- 
nostaining, the intensity of immunostaining for MMPs and 
TNF-a and its receptor in the prelaminar, laminar, and post- 
laminar regions of the optic nerve head was graded using 
an arbitrary score in which each region was graded from - 
to +++. A semiquantitative score (indicated in parenthe- 
ses) was then calculated for each optic nerve head (-, ab- 
sent [0] ; ±, ranging from absent to weak [0.3 1 ; weak stain- 
ing [1]; ++, moderate staining [2]; +++, strong staining [3]). 
The grading of the immunostaining was performed in a 
masked fashion by an observer who was skilled in grading 
immunohistochemical staining but was not familiar with 
the pathologic changes in the optic nerve head. The ob- 
server graded the intensity of immunostaining in optic nerve 
head regions (prelaminar, laminar, and postlaminar) that 
were pointed out by one of the authors (X.Y.). Both the 
scored results and the photographs of representative sec- 
tions from each group are presented. 



Recently, we reported the histopathologic features 
of a pair of eyes with normal-pressure glaucoma (NPG) 
that demonstrated Schnabel optic atrophy.^ In addition 
to the eyes presented in the report, our histopathologic 
examinations in an additional 5 postmortem eyes from 
patients with NPG revealed Schnabel cavernous atro- 
phy. Like eyes with POAG, the eyes with NPG exhibited 
bowing of the lamina cribrosa, areas of glial activation, 
and axonal atrophy. However, the remarkable histo- 
pathologic distinctions between the eyes with NPG or 
POAG were the large cavernous spaces in the optic nerve 
head, extensive loss of pial septae, and the absence of a 
fibroglial response. These findings suggested that one pos- 
sible mechanism for the cavernous degeneration might 
be an exaggerated astroglial response to degrade extra- 
cellular matrix by protelytic enzymes such as the MMPs. 

In this immunohistochemical study, antibodies 
against MMPs (MMP-1, MMP-2. and MMP-3), TNF-a, 
and TNF-a receptor 1 were used to label optic nerve 
head sections from postmortem eyes with POAG or NPG 
and from age- matched normal donors. Our observations 
suggest that there is increased expression of MMPs, 
TNF-a, and TNF-a receptor 1 in the glaucomatous optic 
nerve head, particularly with NPG, which likely contrib- 
utes to the tissue remodeling seen in glaucomatous optic 
neuropathy. 





RESULTS 









The normal eyes exhibited glial columns and nerve 
bundles in the prelaminar region when observed by light 
microscopy. In the lamina cribrosa, there were glial cells 
lining the collagenous laminar beams; in the postlami- 
nar region, the glial cells were mainly distributed along 
the pial septae and were also scattered among the axo- 
nal bundles. 

The glaucomatous eyes either with POAG or NPG 
demonstrated backward bowing of the lamina cribrosa and 
axonal atrophy. The degree of the laminar bowing was com- 
parable in the eyes with POAG or NPG. The degree of axo- 
nal atrophy was mild to moderate in the eyes with POAG 
and was especially noted in the postlaminar region. In the 
eyes with NPG, the axonal atrophy was moderate in most 
eyes and characterized with focal loss in the areas of cav- 
ernous degeneration. In 1 eye with NPG, severe axonal loss 
was noted through the optic disc cup, with axonal preser- 
vation in more peripheral areas. The posdaminar region 
of the optic nerve head in the eyes vnth POAG demon- 
strated mild disorganization of the pial septae without tis- 
sue destruction. These changes were uniformly consis- 
tent in all eyes with POAG. In contrast, the eyes from the 
patients with NPG exhibited varying stages of Schnabel ca v- 
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V 



Table 1. Clinical Data of Postmortem Glaucomatous Eyes* 


. Patieirt No^/Agevy/SexV 


; diagnosis ' 


' lOP Range, mm Hg 


Verlical C/D Ratio 


: Visual fields Damaget^ ] " 


- Treatment 


1/82/M. 


rOAGi .: 


21-25 


NA 


■'iNA " 


Topical i3':blocker 


mm 


poag' 


12-28 


-NA * 


.. :NA: 


Medical 




P0A6 


16-28 


0.7 


Moderate 


iMedical 


mm 


POAG ' 


15-31 


0.8 


■ • =I\/loclerater. . 


:Surgical + medical 


.5/84/F 


NP6 


11-14 


0.95 


Advanced 


■ Topical ipriblocker 


6/84/F 


NPG 


11-14 


0.95 


Advanced 


Topical 3-blocker 


7/68/F 


NPG 


14-18 


0.8 


Moderate 


Topical 3-blocker - 


8/82/F 


NPG 


13-17 


0.8 


Moderate - 


Topical ^-blocker 


,9/82/F 


NPG 


13-17 


0.8 


Moderate 


Topical p-blocker . 


10/74/F 


NPG 


13-18 


' 0.8 


, Moderate 


Topical ^-blocker 


11/74/F 


NPG 


12-19- 


" 0.9 


Advanced 


Topical 3-blocker 



*IOP indicates intraocular pressure; C/D, cup-disc; M, male; POAG, primary open-angle glaucoma; NA, not applicable; F, female; 
and NPG, normal-pressure glaucoma. 



Table 2. Semiquantitative Evaluation of the Intensity 
of Immunostaining in Optic Nerve Head* 



MMP-I MMP-2 IVIMP-3 TNF-a 



TNF-a 
Receptor 1 



Control (n:= 4) 0.50' 0.55 0.28 0.38 0.44 
P0AG(n = 4). 0.29. 0.96 0.71 0.72 1.22 
NPG (n.= 7^. ^€167 1.86 1^19^ OW 1.44 



*MMP indicates matrix metalloproteinase; TNF-a, tumor necrosis 
factor a; POAG, primary open-angle glaucoma; and NPG. normal-pressure 
glaucoma. 



ernous degeneration, which was evident mainly at the 
lamina cribrosa and the postlaminar optic nerve. Axonal 
atrophy accompanied multifocal destruction of the cribri- 
form laminar plates or pial septae within the cavernous de- 
generation areas seen in the eyes with NPG. In some eyes, 
the areas of degeneration coalesced to form large cavern- 
ous spaces. In the areas of preserved axons, the arrange- 
ment of laminar plates and pial septae remained intact and 
the distribution of gUal cells remained unchanged. 

Examinations of the optic nerve heads using immu- 
nohistochemistry revealed that the intensity of the immu- 
nostaining and the number of stained cells for MMPs, 
TNF-a, or TNF-a receptor 1 were greater in the glauco- 
matous optic nerve heads, particularly v^th NPG, when 
compared with age-matched controls. The immunolabel- 
ing seemed to be mainly in cells that resembled astro- 
cytes by morphology. The semiquantitative scores of the 
immunostaining in samples examined are presented in 
Table 2. Since Table 2 reflects the changes in the inten- 
sity of immunostaining but not the number of stained cells, 
photographs are also presented to optimally reflect changes 
that occur in glaucomatous optic nerve heads. Immuno- 
staining patterns of optic nerve heads for MMPs, TNF-a, 
and TNF-a receptor 1 are also given below. 

MMP-1 

In normal eyes, faint immunostaining for MMP-1 was ob- 
served in the cytoplasm of a few glial cells, located mostly 
in the laminar and posdaminar regions of the optic nerve 
head. Faint staining was also noted around the axons or 
in the pial septae. 



Although the intensity of immunostaining for 
MMP-1 was similar in aU regions of the optic nerve head 
of glaucomatous eyes and in control eyes, the number 
of positively stained glial cells was greater in glaucoma- 
tous eyes, either with NPG or POAG. In addition, in glau- 
comatous eyes, immunostaining was positive around the 
axons in the postlaminar region (Figure 1 ). 

MMP-2 

In normal eyes, the prelaminar, laminar, and postlami- 
nar regions of the optic nerve head exhibited faint im- 
munostaining for MMP-2 in a few glial cells and around 
the axons. 

However, both the intensity of the immunostain- 
ing and the number of stained glial cells were moder- 
ately increased in the prelaminar region of the optic nerve 
head, as well as along the laminar beams, in the glauco- 
matous eyes with either NPG or POAG. In the postlami- 
nar region, positive immunostaining was seen around the 
axons and around the pial blood vessels in the glauco- 
matous eyes, which was more prominent in the eyes v^th 
NPG compared with those with POAG. The MMP-2 la- 
beling in the eyes with NPG was also noted along the de- 
generating laminar plates and pial septae lining the cav- 
ernous spaces as well as v^thin the astrocytes in these 
structures (Figure 2). In the postlaminar region of some 
eyes with NPG, areas of axonal preservation were seen 
adjacent to areas of severe axonal atrophy. In the areas 
of preserved axons, intracytoplasmic MMP immunola- 
beling was more intense than seen in the glial cells lo- 
cated in the areas of severe atrophy (Figure 3, A). 

MMP-3 

In the normal eyes, faint immunostaining for MMP-3 was 
observed in rare glial cells and around the axons in the 
afl regions of the optic nerve head. 

In the glaucomatous eyes, immunostaining of glial cells 
and their processes around the axons for MMP-3 demon- 
strated an increase in the afl regions of the optic nerve head 
compared with controls. The increase in the labeUng in- 
tensity was particularly evident in the glial cells and along 
the axons and pial septae in the eyes with NPG (Figure 4). 
Perivascular anti-MMP-3 immunostaining was also noted 
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Figure 1. Immunoperoxidase staimng formtnx metaUoprotBinase 1 
(MMP-1) in the postlaminar region ofti)e human optic nerve head. There 
was faint immunostaining lor MMP-1 in the cytoplasm of a few giiai celis or 
their processes around the axons of the control optic nerve head (A). 
However, a greater number of glial cells demonstrated immunostaining for 
MMP-1 in the eyes with primary open-angle glaucoma (B) or 
normal-pressure glaucoma (C) (nb, nerve bundles; ps. pialseptae) 
(chromagen, diaminobenzldinetetrahydrochloride, nuclear counterstain with 
Mayer hematoxylin, original magnification x 100). 

along the pial septae. In die eyes with NPG, glial cells lo- 
cated in the areas of preserved axons demonstrated more 
intensive immunostaining compared with the cells lo- 
cated in the areas of cavernous atrophy (Figure 3, B). 

TNF-a 

In control eyes» there was faint immunostaining for TNF-a 
and TNF-a receptor 1 in the processes of a few glial cells 
and around the nerve bundles and blood vessels of the 
optic nerve head. 





Figure 2. immunoperoxiaase stainmg tor matnx metalloproteinase 2 
(MMP'2) in the postlaminar region of the human optic nerve head There 
was a faint immunostaining for MMP'2 in the cytoplasm of a few glial cells 
or their processes around the axons of the control optic nerve head (A). 
However, a greater number of glial cells demonstrated immunostaining 
forMMP-2 in the eyes with primary open-angle glaucoma (B) or 
normal-pressure glaucoma (C). Notice the intense immunostaining of glial 
cell processes in areas of cavernous atrophy and around pial blood vessels 
in the eye with normal-pressure glaucoma (nb, nerve bundles: ps. pial 
septae: cs, cavernous spaces: and v, vessels) (chromagen. diaminobeniidine 
tetrahydrochloride, nuclear counterstain with Mayer hematoxylin, original 
magnification xlOO). 



In glaucomatous optic nerve heads, both the inten- 
sity of immunostaining and the number of stained cells 
for TNF-a or TNF-a receptor 1 were increased in all re- 
gions of the glaucomatous optic nerve head compared 
with controls. Immunostaining was positive in glial cells 
around the axons and vessels in the prelaminar and lami- 
nar regions of the optic nerve head in the glaucomatous 
eyes. In the postlaminar region, the glial cells distrib- 
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Figure 3. Immunoperoxtdase stammg for matnx metalloproteinases (MMPs) 
m the postlaminar region of ttie human optic nerve head. A junctional area 
between preserved (upper right corner) and severely damaged axons (lower 
left comer) in the optic nerve head of a patient with normal pressure 
glaucoma was seen. Immunostaining forMMP'2 (A) or Mli^P-3 (B) was 
more intense in the cytoplasm of astroglial cells in the areas of preserved 
axons compared with the areas of severe atrophy (nb, nerve bundles; ps, pial 
septae; and cs, cavernous spaces) (chromagen, diaminobenzldine 
tetrahydrochloride, nuclear counterstain with Mayer hematoxylin, original 
magnification x 100). 

uted along the pial septae and scattered among the nerve 
bundles exhibited immunostaining. Although immuno- 
staining for TNF-a was mostly associated with glial cells* 
an increased immunostaining for TNF-a receptor 1 was 
also observed in the nerve bundles, which was promi- 
nent in the prelaminar region of the glaucomatous optic 
nerve heads (Figures 5 and 6). 





COMMENT 









The integrity and turnover of the extracellular matrix are 
influenced by many factors, including MMPs. The MMPs 
are a family of proteolytic enzymes secreted by glial cells, 
and are capable of degrading almost all components of the 
extracellular matrix. The MMPs have been divided into 
the following 3 broad famiUes based on their domain sunc- 
ture and substrate specificity. (1) Interstitial coUagenase 
(MMP-1) and neutrophil coUagenase (MMP-8) belong to 
the coUagenase family; their major substrates are fibrillar 
collagen types 1, 11, and III. (2) The enzymes MMP-2 and 
MMP-9 are members of the gelatinase family; their sub- 
strates include types IV and V collagen, and fibronectin, 
proteoglycans, and gelatin. (3) Members of the stromely- 
sin family include MMP-3 (stromelysin, transin) and 




Figure 4. Immunoperoxidase staining for matrix metalloproteinase 3 
(MMP-S) in the postlaminar region of the human optic nerve head There 
was faint immunostaining in a few glial cells around the optic nerve axons of 
control eyes (A) and increased immunostaining In the processes of glial cells 
around the axons and in the pial septae of the eyes with primary open-angle 
glaucoma (B) or normal-pressure glaucoma in areas of cavernous atrophy 
(C) (nb, nerve bundles; ps, pial septae; cs, cavernous spaces; and v, vessel) 
(chromagen, diaminobenzldine tetrahydrochloride, nuclear counterstain with 
Mayer hematoxylin, original magnification x 100). 



MMP-7 (matrilysin); they act on a wide range of sub- 
strates, including proteoglycans, laminin, fibronectin, 
gelatin, and procollagen precursor peptides. ^''^^'^^ 

Although they are impHcated in several diseases of 
the central nervous system,^^'^^ little is known about the 
role of MMPs in either normal or glaucomatous human 
optic nerves. The localization of MMP-3 and MMP-2 and 
tissue inhibitor of metalloproteinases (TIMP-1) have been 
shown to be present in the normal primate optic nerve 
head and retina.^^ In addition, increased gelatinase ac- 
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Figure 5. Immunoperoxkiase staining fortumornecrosls factor a fTNF-a) in 
the tiuman optic nerve head. There was faint immunostaining in the processes 
of a few glial cells around the nerve bundles and blood vessels (v) in the 
prelaminar region of the control optic nerve head (A). However, the intensity of 
the immunostaining and the number of stained glial cells were greater in the 
optic nerve heads from patients with primary open-angle glaucoma (B) or 
normal-pressure glaucoma (C). There was intense immunostaining of glial cell 
processes in areas of cavernous atrophy in the eye with normal-pressure 
glaucoma (gc, glial column; nb. nerve bundles; and cs, cavernous spaces) 
(chromagen, diaminobenzidinetetrahydrochloride, nuclear counterstain with 
Mayer hematoxylin, ordinal magnification xlOO). 

tivity has been found in glaucomatous monkey eyes.^'-^* 
Our observation of the mild MMP immunolabeling of the 
ghal cells in normal optic nerve heads and increased im- 
munolabeling of MMPs in glaucomatous eyes is consis- 
tent with these limited studies. 

Our observations revealed that the intensity of im- 
munostaining for MMPs, TNF-a, and TNF-a receptor 1 
was greater in glaucomatous optic nerve heads compared 
with controls. In addition, differential immunostaining pat- 



Figure 6. Immunoperoxidase staining for tumor necrosis factor a (TNF-a) 
receptor 1 in the human optic nerve head. Faint immunostaining of the 
prelaminar region of the optic nerve head was noted for TNF-a receptor 1 in 
the control optic nerve head (A). Immunostaining was mostly perivascular 
(v). The intensity of the immunostaining and the number of stained glial cells 
were greater in optic nerve heads from patients with primary open angle 
glaucoma (B) or normal pressure glaucoma (C). Nerve bundles in the 
prelaminar region also exhibited some immunostaining (gc, glial column; nb, 
nerve bundles) (chromagen, diaminobenzidine tetrahydrochloride, nuclear 
counterstain with Mayer hematoxylin, original magnification xlOO). 



terns for these proteins were noted in the prelaminar, lami- 
nar, and posdaminar regions of the optic nerve head. Some 
of these differential patterns included the most promi- 
nent labeling of MMPs in the postlaminar region and the 
most prominent labeling of TNF-a and TNF-a receptor 
1 in the prelaminar region of the glaucomatous optic nerve 
heads. One possible explanation of these findings may be 
based on the recently described regional and functional 
heterogeneity of glial cells in the optic nerve head. For ex- 
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ample, the size and the density of type IB astrocytes in the 
prelaminar and laminar regions, and the type lA astro- 
cytes in the postlaminar region, are greater in glaucoma- 
tous eyes than in normal tissue. ^^"^^ 

Increased immunostaining of MMPs was noted in the 
cytoplasm of astroglial cells and their processes as well as 
in the extracellular matrix of optic nerve head in the eyes 
with POAG or NPG. The distribution of increased immu- 
nostaining for MMPs in the different regions of optic nerve 
head was comparable in the eyes with POAG or NPG. How- 
ever, the intensity of immunostaining for MMPs, espe- 
cially for MMP-2, was greater in the eyes with NPG 
compared with the eyes with POAG. In the eyes with 
NPG, immunostaining along the pial septae was moder- 
ately increased in the region of cavernous degeneration. 

Cells secrete MMPs in an inactive form and the pro- 
enzyme can be activated in the extracellular space by vari- 
ous molecules. The antibodies used to recognize MMPs 
in this study identify both MMP precursors and the pro- 
teolytically processed active forms. Therefore, immuno- 
histochemistry cannot distinguish the functional state in 
which the MMPs are present within the tissue. The abun- 
dance of immunoreactivity in the astrocytes suggests the 
presence of a large pool of intracellular MMPs that might 
function, under normal conditions, at relatively low lev- 
els in the extracellular space. Such pools could possibly 
be rapidly activated to act on substrates in the extracel- 
lular matrix under pathologic conditions." 

The generalized increase in the expression of MMPs 
in the glaucomatous optic nerve head may have various con- 
sequences. Since MMPs are responsible for the degradation 
of the extracellular matrix components, their increased ex- 
pression in the glaucomatous optic nerve head may repre- 
sent a physiological response to counteract the increased 
extracellular matrix deposition that occurs in glaucoma- 
tous optic nerve head.^ This may explain the absence of 
glial scar tissue in glaucomatous optic nerves despite astroglial 
activation. It is tempting to speculate that tissue degenera- 
tion resulting from increased MMP activity may in part ac- 
count for the excavated appearance of optic disc cupping 
that accompanies glaucomatous optic neuropathy, regard- 
less of other factors such as intraocular pressure. 

Matrix metalloproteinases have been proposed to 
play a role in axonal growth by preventing scar tissue for- 
mation in vivo,^^-^^ which is thought to be a barrier to tro- 
phic substances necessary for neuronal regeneration.^^ 
Therefore, our observation of promirient immunostain- 
ing for MMPs in the areas of preserved axons may sig- 
nify that activated glial cells increase secretion of MMPs 
for the dual purposes of preventing scar tissue forma- 
tion while simultaneously promoting neuronal growth. 

The pial septae of the normal optic nerve contains col- 
lagen types III and IV and fibronectin mainly around the 
blood vessels.^'* These are the major substrates of MMP-2 
and MMP-3. The increased immunostaining of MMP-2 and 
MMP-3 in the astrocytes and along the pial septae in the 
glaucomatous optic nerve head suggests that these MMPs 
may play a role in the disruption of pial septa seen in the 
areas of cavernous degeneration. 

In addition, we observed increased expression of 
MMP-2 in the astrocytic processes enveloping blood ves- 
sels in the glaucomatous optic nerve head, particularly 



in the eyes with NPG. Since MMP-2 causes a thinning 
of the basal lamina and an increase in the capillary per- 
meabihty,^^ it seems possible that increased expression 
of MMPs in the perivascular area may influence the blood- 
brain barrier in this area. 

Another finding we observed was increased immu- 
nostaining of TNF-a and TNF-a receptor 1 in the glau- 
comatous optic nerve heads either with POAG or NPG. 
Tumor necrosis factor a is a potent immunomediaior and 
proinflammatory cytokine that is rapidly up-regulated in 
the brain after injury.^^-^^ It is also known as an inducer of 
apoptotic cell death via TNF-a receptor 1 occupancy.^ Tu- 
mor necrosis factor a has been implicated in the patho- 
genesis of several diseases of the nervous system, such as 
multiple sclerosis and autoimmune encephalomyelitis; it 
has also been thought to account for axonal degeneration 
and glial changes observed in the optic nerves of patients 
with acquired immunodeficiency syndrome. Although 
our studies demonstrated that the TNF-a immunostain- 
ing was mostly positive in the glial cells of die optic nerve 
head, TNF-a receptor 1 immunostaining was more promi- 
nently positive in nerve bundles located in the prelami- 
nar section of the optic nerve head, which was increased 
in the glaucomatous eyes. This observation suggests that 
neuronal tissue is an important target for the effects of 
TNF-a. Our findings that the expression of TNF-a and 
MMPs are both increased in the glaucomatous optic nerve 
head is not surprising, since it is well known that there 
are interactions between TNF-a and MMPs for the regu- 
lation of their secretion and function. ^'^^^ Therefore, in- 
creased expression of TNF-a in the glaucomatous optic 
nerve head suggests that this cytokine may play a role in 
tissue remodeling as a part of the astroglial activation pro- 
cess and/or may participate in tissue injury. 

In addition to its potential to direcdy activate the cell 
death cascade in retinal ganglion cells and to facilitate re-, 
modeling of the optic nerve head in glaucoma, TNF-a may 
also contribute to the pathogenesis of glaucomatous neu- 
ropathy, as it is a potent stimulator of nitric oxide synthe- 
sis.'^^ Recent evidence suggests that up-regulation of ni- 
tric oxide synthase occurs in human and experimental 
glaucomatous eyes.^^ Furthermore, pharmacological in- 
hibition of nitric oxide synthase-2 was shown to de- 
crease ganglion cell death in an experimental animal model 
of glaucoma.^ Therefore, blockade, amelioration, or at- 
tenuation of retinal or optic nerve head TNF-a may have 
therapeutic potential in treating patients with glaucoma. 
Such compounds could effectively inhibit, reduce, or pre- 
vent nitric oxide synthase-related ganglion cell death, 
which may be an important causal factor in glaucoma. 





CONCLUSIONS 









Increased expression of MMPs, TNF-a, arid TNF-a re- 
ceptor 1 may be collective components of the astroglial 
activation process that occurs in the glaucomatous optic 
nerve head. They may serve to prevent scar tissue forma- 
tion and thus facilitate neuronal viabiUty and repair. How- 
ever, their increased expression may also have a role in 
the degenerative process of glaucomatous optic neuropa- 
thy as a result of facilitating formation of cavernous spaces, 
cupping, and the progression of neuronal damage. 
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I. INTRODUCTION 

The diaiacteristic dinical picture (rfanorejcia, 
tissue wasting, the loss of body weigjit accompa- 
nied by a decrease in muscular mass and adipose 
tissue and the poor performance status preceding 
death, so often found in advanced stag© cancer 
patients, was named cancer-rclaied anorexia/ 
cachexia syndrome (CACS) (Hebei el al.. 1986; 
Nelson and Walsh, 1991: Bnieia, 1992; Brennan, 
1997). It is the most common single cause of 
dcafli documented in Aese patients, affecting about 
half of all canc« patients (Wanen, 1932). 



Anorexia is one of the main features of the 
cachecdc syndrome: althonghitseiiopaihogenesis 

is most ctttainly multifaclcaial and not yei well 
understood, it seems at least in part attributable to 
inteimediaty metaboUtes tbat accomulaic along 
an abnormal metabolic pathway in cancer pa- 
tients aactate, ketones. oUgonucleotides) or other 
substances released by ihe tumor itsdf or l^e 
host in response to the tumor (Biuera, 1992). 
However, anorexia by itself cannot explain flie 
complex organic alterations seen in CACS: m- 
decd, nutritional supplementation aloneisnonWe 
to effeciivdy iBveise tJK laocess of cachexia. An 
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increased resting energy expenditure may con- 
tribute to weight loss in cancer patients and may 
explain the increased oxidation of fat. Futile en- 
ergy-consuming cycles, such as the Coii cycle, 
may contribute to the increased energy demand. 

Unlike starvation, weight loss in cancer arises 
equally from loss of muscle and fat, and the pro- 
cess is characterized by an increased cataboUsm 
of skeletal muscle and a decrease in protein syn- 
thesis (Tisdale, 1997a). In addition to the reduced 
food intake, important biocheroical/metaboUc 
abnormalities and changes in energy metabolism 
have been observed, which may account for the 
cachectic syndrome. The most important carbo- 
hydrate abnormalities are increased glucose syn- 
thesis, insulin resistance, decreased glucose toler- 
ance and turnover, increased gluconeogenesis and 
increased Coii cycle activity. Increased protein 
nimover, decreased muscle protein syndiesls. in- 
creased muscle cataboUsm and increased Uver 
and tumor protein synthesis are the main 
pathologic changes of protein metabolism. The 
main abnoimaUiles found in fai metabolism arc 
enhanced Upid mobUization, decreased Upogen- 
esis, decreased lipoprotein lipase activity, elevated 
triglycerides and decreased hi^-density lipoiwo- 
teins. Increased venous glycerol and decreased 
glycerol clearance from the plasma (Heber el al., 
1986; Devereaux et al., 1984: Vlassara ct al^ 
1986). Catabolic factors capable of direct break- 
down of muscle and adipose tiwue appear to be 
secreted by cachexia-inducing human tumors and 
may play an active role in the process of tissue 
degeneration (Tisdale, 1997a). 

CACS may result from circulating factors 
produced by the host or by the tumor itself. A 
number of cytokines, host-derived protein mole- 
cules released by lymphocytes and/or monocyte- 
macrophages, including Interleukin- (IL-)l and 
IL.6, Tumor Necrosis Factor (TNF)a and Inter- 
feron (IEN)y, have been proposed as mediators of 
the cachectic process; however, the results of 
numerous clinical and laboratory smdies suggest 
that the action of cytokines alone is unable to 
explain the complex mechanism of CACS 
(McNamara et al., 1992; Espal et al., 1992; 
Noguchi ct al., 1996; Tisdale, 1997b). 

High serum levels of IL-1, IL-6, and TNFo 
have been found in cancer patients and the levels 
of these cytokines seem to correlate with the 



progression of the tumor (Moldawer ct aL, 1987, 
1988, 1992; Stiassmann et al,. 1992). The chronic 
administration of these factors in man. either 
alone or in combinadon, is capable of reproduc- 
ing the different features of CACS (Moldawer et 
al.. 1988; Busbridge, 1989; Gdin et al., 1991; 
Md-augUin ct aL, 1992; Strassmann et al., 1992). 
More direct evidence of a cytokine involvement 
in CACS is provided by the observations that 
cachexia in experimental animal models (Sherry 
et al., 1991; Noguchi et al- 1996; Matthys and 
Billiau, 1997) can be relieved by administration 
of specific antagonists of cytokines: these stud- 
ies revealed that cachexia can rarely be annb- 
ated to any one single or specific cytokine but 
rather to a set of cytokines diat work in concert 
in cachexia. The same cytokines seem to play 
central roles in the cachexia-rdated inflamma- 
tion as weU as in the acute phase response 
(Moldawer and Copeland, 1997). 

n. CUNICAL EXPERIENCE WITH 
MEDROXYPROGESTERONE ACETATE 
AND MEQESTROU ACETATE 

Two of our studies contributed to support the 
central role of cytokines in CACS. The first was 
carried out in nine cancer patients with head and 
neck carcinoma (HNC) (Mantovani et al., 1995) 
and the second in a population of 10 patients witti 
cancer of different sites (Mantovani et al.. 1997). 
BoA demonstrated abootmalbr high serum levels 
• of E-lp, TNFo, and serotonin (5-MT), and 
a high production of the same cytokines by phy- 
tohemagglutinin-(PHA-)stimulated cultured peri- 
pheral blood lymphocytes (PBMC) from cancer 
patients when compared with normal subjects. 

Tbt first study was canied out to evaluate the 
effect of megesirol acetate (MA) in CACS, that 
is the ability of MA to induce an increased appe- 
tite and body weight in HNC patients in an ad- 
vanced (ffl-IV) stage of the disease treated witii 
cisplatin-based neoadjuvant d»moth«apy. The 
clinical evaluation was paralleled by the assess- 
ment of serum levels of the cytokines IL-lo and 
6 IL-2, IL-6, TNFo, and tiie soluble receptor for 
IL-2 (SIL-2R) in aU patients before and after MA 
treatment The same cytokines and sIL-2R ^«re 
also measured in the culture medium of PHA- 
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stimolaied PBMC of the same patients before and 
after MA treatment. The choice of MA came from 
consideration that progestins are among the drags 
Jaiovn to be the most effective in coniroUing 
CACS symptoms by stimulating appetite and in- 
creasing food intake and body weight (Heber et 
al 1986). In particular, MA (Jchekmedyian et 
al * 1986. 1987, 1992; Aisner et al., 1988; Bniera 
et kl., 1990; Loptinn et al., 1990) and. to a l<e«»r 
extent, medroxyprogesterone acetate (MPA) 
(Downer et al., 1993; Simons et al.. 1996), both 
active oral synthetic derivatives of the natural ster- 
oid progesterone have been used extensively for 
increasing caloric intake and body weight mostly 
due to an increased deposition of fat (Reitmaer et 
al . 1990; Loprinzi et al.. 1993), and were shown 
to be well tolerated. Subsequent trials were de- 
signed to find the optimal dose of MA (SchmoU 
ei al., 1991; Loprinri et al.. 1994; OebWa el d., 
1996). The effect of MA on CACS induced by 
several different types of cancer had been studied 
previously, but data were lacking on ihe effect of 
MA on the appetite and nutritional state of pa- 
tients with advanced HNC undergoing chemo- 
therapy or chemotherapy combined with radia- 
tion therapy. Among neoplastic patients, those 
affected by primary HNC represent a group m 
which the loss of appetite, the difficult alimeota- 
tion due to anatomical factors, weight loss, aiid 
die more or less serious state of mahiotrition (of- 
ten already present before diagnosis of the 
neoplasia) associated with the bad habits of these 
patients (they are neariy always heavy smok«8 
and/or drinkers), eventually made worse by the 
effects of antineoplastic chemotherapy, mducc a 
severe CACS in a relatively early stage of Ae 
neoplasia, so much so that it represents a paradig- 
matic partem of this type of cancer. Eleven mjc 
patients (mean age 57-8 years, range « » 69, PS 
K 90 to 100, weight decrease > lO% of the ideal 
or customary body weight) were enrolled in our 
study. Ten patients were treated with MA donng 
neoadjuvant chemotherapy, while one patient was 
treated widi MA during definitive locoreponal 
raifiation therapy administered at the end of pn- 
mary chemotherapy. The neoadjuvant chemo- 
therapy consisted of either the Al-Sarraf s rep- 
men: cispladn 100 mg/m* i-v. on day I plus 
fluorouradl (5-FU) 1000 mg/mVday i.v. oontino- 
ous infusion (c.i) on days 1 to 5 repeated every 3 



weeks or the same regimen plus vinorelbine (20 
mg/m» i.v. days 2 and 8). The clinical parameters 
evaluated were clinical response to chemotherapy 
after three cycles, body weight, appetite (usmg a 
visual analogue scale calibrated from 0 to lO), PS 
K quality oflifc(Spitzer'sQttalityofLife Index) 

(Spitzer et al., 1981) before and after MA treat- 
meat The immunological parameters smdiedvwe 
serom levels of IL-lo and p. IL-2, IL-6. TNFo, 
and SIL-2R in cancer patients before and after 
MA treatment and compared with those of normal 
individuals and the production in cultures of the 
same cytokines by PHA-stimulated PBMC of 
patients before and after MA treatment. MA 
(MEOESTIL*. Boehringer-Mannheim. Milan, 
Italy, tablets of 160 mg) was administercid at a 
dose of 320 mg/day during the interval betwe« 
cycles of chemotherapy, starting from the third 
day after the end of cycle until the day before the 
next cycle (days 8 to 21) for a total of three 
consecutive cycles. During the cycles the dose 
ranged from 320 to 160 mg/day accordmg to 
clinical response. Of the U enrolled patients. 9 
(81 8%) were evalnable (2 patients were not 
evaiuable due to major protocol violations: drug 
intake < 90% of thai programmed). The dimcal 
parameters before and after MA trejfflneni are 
JLorted in Table 1. Except for PS K. all the 
parameters showed an improvement foUowing 
beatroent with MA. In particular, average body 
weight increased by 6.3 kg (13 J%). ^'PP^^ » 
score of 2.4 (38.6%), and the Spitzer s QU by a 
scoreof 2.4 (36.2%).n«seramlevels Of cytDkmw 

sudied were significantly higher in panents be- 
fore MA treatment than in normal subjecte. L^- 
ds of aU cytoldncsdecreasedinpatients afterMA 

treatment and decreases were staiisucally signifi- 
cant paiticulariy for IL-ip. 11.* P^^^^J 
culture of the same cytokines by PBMC from 
patients beftore MA treatment was not signifi- 
cantly different from that of normal subjects, ex- 
cept f or rU6. As for cytokine produrtion by pa- 
tirat PBMC after MA trealmeot, decreased 
significantly. Our study was, to our knowledge, 
tte first pubUshed that correlated the dinic^ 
sponse to MA with serom levels and culmred 
PBMC producUon of the cytokines known to be 
involved in CACS. Despite the small wunbet of 
patients included, we believe that our study was 
netewodJiy because of the very homogeneous 
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I^ll^don «f Cllnlcl Parameiers in Patients Treated with Chemotherapy and MA 



Treatment ?rtth MA 



Weight (Kg) 
Appetite (score) 
PSK (score) 
Spitzer's QLI (score) 



Mean±SD 
Range 

AAean±SD 
Range 

Mean ± SD 
Range 

MeaniSD 
Range 



Before 


After lA 


ean Incre 


47,3 ±7.8 


53.6 ± 12.5 






28,5-70 




6.3 ±2.0 


8.7 ±1.3 


42.4 


2-9 


6-10 




96J±5.0 


94.4 ±16.7 




90-100 


50-100 




6>4±1.3 


8.8 ±1.7 


+2.4 


5-e 


6-10 





< 0.0 
38.0 0.00 

36.2 0.00 



for paired data- 



patient popidation studied and tbc v«y sttong 
correlation between die type of mmor end CACS. 
Our study strongly supported the hypothecs that 
the beneficial.fl»eiapeuiic effects of MA in CACS 
may at least hi pan be due to its ability to 
downregulaie the synthesis and release of the key 
cytokines involved, blocking the cascade of events 

responsible for CACS. 

Our subsequent stw^ (Mantovani etal., 1997) 
addressed the question whether the other more 
widely used synthedc progestagen, MPA (PRO- 
VERA* Pharmacia & Upjohn, Milan, Italy), at 
pharmacological doses in vitro (0.1, 0.2, and 0.4 
iig/ml). was able to influence the production and/ 
or release in culture of IL-lp, IL-2. II--6, TNFo, 
and 5-HT by PHA-stimolatedPBMC of advanced 



A •■ j 

m 



stage cancer patients. Ten patients (mean age 62i 
yeis. range 54 to 78; M/F 8/2; 6 HNC 2 coton 

ca, 1 non-smaU ceU lung ca— NSCLC-. 1 ova- 
rian ca; PS ECOG 0-1:7 paUents, 3-4: 3 patients) 
were studied. The levels of cytoldne production 
were significantly higher in cancer patf*]* 
in controls. The addition into culture of MPA at 
0.2 Ug/ml significantly reduced the production of 
IL-lTn-«. TNFO, and 5-HTbut not IL.2 (Table 
2) The concentration of MPA we selected (0.2 
Ug/ml ) as the most effective for our study maybe 
reached in vivo following very high-dose MPA 
administration (1 500 to 2000 mg/day ondly), such 

as that used for endocrine therapy of hormjme- 
lelated cancers and, to a lesser extent, that used as 
supportive care for anorexia/cachexia in cancer 



TABUE 2A 

Cytoldne and 641T ProducOon from PHA- 
Stbnulated PBMC of Cancer Patiente and 
Normal Sublects 

Cytokines PadentPBMC fi Normal PBMC 



iL-ip 

IL-2 
IL-6 
TNFct 
S^HT 



3S31 db 317 
2194 i 228 
6528 ±360 
4469 ±327 
1188 ± 183 



<0.05 

< 0.001 

< 0.001 

< 0.001 
0.001 



2470 ± 294 
437 ±'54 

2160 ±36 
945 ±52 
75 ±5 



Mate* Rssutta are wptessed as mean pQ^mL plus mirwB 
SSdW(ora8nMplu8mlnusetandardenor 

for 5-HT). 
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TABLE 2B 

Cytokine and S-HT Production from Cancer 
Patients PBMC Stimulated With PHA ± QJ2 iid/ml 
Medroxyprogesterone Acetate 



cytokines 

IMp 
IL-2 
IL-6 
TNFo 
5-HT 

Note: Results are expressed as mean pg^ml plus minus 
standard error (or as nft* plus minus standard errorfor 
5-HT), Abbreviations: MPA, medroxyprogestswne 
aeetata; NS, nonsSgnlRoant 







PHA ♦ NIPA 0^ 


PHA 


P 




3S31 ± 317 


<o.os 


2464 ± 337 


2194 ± 228 


MS 


1947 ± 107 


6S2B±360 


0.01 


5123 ±334 


4469 ± 327 


<0,05 


3148 ±354 


11B8±183 


<0.05 


690 ± 107 



patients. The study showed that the production in 
culture of IL-1 DL-S, TNFo, end 5-HT by PHA- 
silmulated PBMC of cancer patients is signifi- 
candy reduced in die presence of MPA. A further 
interesting finding of our study was dial MPA is 
able to inhibit 5-HT production and release by 
PBMC. RecenUy* it has been demonstrated diat 
5-HT, as well as cytokines, plays an important 
lole in uprcgulating T-lymphocyie function in 
vitro and cell-mediated immunity in vivo (Aune 
et al., 1994). Therefore, it can be hypodiesized 
diat, along with die cytokines, high amounts of 5- 
HT may be produced in advanced stage cancer 
patients as a consequence of die chronic activa- 
tion of die inunune system by specific (tumor 
antigens?) or nonspecific stimuli. 5-HT is die 
main mediator of nausea and vomitings which are 
common and distressing symptoms often associ- 
ated widi neoplasia itself and funhennore wors- 
ened by most antineoplastic treatments* such as 
cisplatin chemodicrapy (Mantovani etal., 1996a): 
moreover, it is well known that 5-HT plays a key 
role in die onset of CACS (Storey, 1994). The 
MPA-mediated inhibition of 5-HT production 
found in our swdy may explain die. previous 
reports diat short-term administration of MPA 
can be effective on emesis Induced by different 
combination chemotfierapies (Suzuki, 1991). The 
relationships between S-HT and cytokines in- 
volved in die patiaogenesis of CACS still need to 
be clarified. Noteworthy, our results show dial 
MPA is unable to interfere widi bodi die activity 



of IL-2 on lymphocytes and widi IL-2R expres- 
sion by the same cells. 

A ftmher step of our investigation was to 
verify whcdier cisplatin can induce in vitro 5-HT 
release from human PBMC: we shewed dial 
cisplatin did induce 5-HT release from PBMC 
dose depcndendy. Our results hi^lighted a new 
mechanism dirough which cisplatin could induce 
emesis (Mantovani et aL, 1996b). 

FuithermOTc, we evaluated die ability of ddier 
MPA or MA to reduce cisplatin-induced m yitro 5- 
HT release from PBMC of cancer patients 
O^antovani et aL, 1998a). Sixteen patients wldi 
cancer of diffieieni sites, all in advanced stage of 
disease, were studied (10 studied for MPA and 6 
forMA).Tbelevelsof5-HTinculture supernatant 

fluids of patient PBMC stimulated widi cisplatin 
weie in die same range as diose of PHA-stimulated 
PBMC and were higher dian unstimu-lated PBMC 
(1 00 nW vs. 5 1 for MPA study and 123 nW vs. 64 
for MA study). The addition to cultures of MPA 
0,2 fig or MA 038 M€ was able to significandy 
reduce die dsplatin-induced production of 5-HT 
(62 nWfor MPA study and 46 nAf for MA study) 
(Figures 1 and 2). This finding, to our knowledge, 
has not been reported previously. Tlie concenirar 
dons of MPA and MA used in colnires were in die 
same range as diose raised in plasma following die 
clinical administration of daily doses of lOOO to 
2000 mg of MPA and 320 to 960 mg of MA. 

The above-mentioned experimental and clini- 
cal results prompted us to perform a phase I smdy 
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FIGURE 1. Serotonin levels In culture supematarts of PBMC In *e,*se«ce (con- 
trols) or presence of PHA 0.5 or CDDP 0^1 |ig. or CDDP plus MPA 05 jig. 



iDcoipoiating MPA into a combination of chcmo- 
imnMinothcrapy in patients with advanced (stage 
niB-IV) inoperable NSCLC (Mantovaiii et al., 
1998b). The endpoints of the study were climcal 
response, and, for patients having symptonis, the 
relief of CACS symptoms, such as increase of 
appedte and body weight and M improvement. 



The scrum levels of IL-ip, IL.2. IL4, IL-6, 
10, TNFo, and sQ^2R were assessed before any 
treatment, after treatment with MPA alone (1 
week) and after six cydes of therapy. Ite weddy 
schedule was a corobinadon of dsplafln Lv. day 
1, epidoxorubicin Lv. day 1. MPA (PROVERA*) 
1 g/dayp.o.days 1 to7andrIL-2(PROLEUKIN*, 
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RGURE 2. Serotonin levels In culture supematants of PBMC In the absence (oontrols) or 
presence of PHA 0^ |ig or CDDP 0.01 m9. w CDDP plus MA 0.38 W- 
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Chiron, Milan. iBdy) 1.8 MIU days 3 to 7 sx. plus 
G-CSF support (300 iig days 2 lo 7 s.c.). Admin- 
istration of MPA started 1 week before the first 
cycle Dose escalation was: cisplatin 30 mg/m»/w 
+ cpidoxomWcin 25 mgtoVw (1st level: 2 pa- 
tients), cisplatin 30 mg/m^/w + epidoxorubicin 33 
mg/m*/w (2nd level: 2 patienw), cisplatin 40 mgl 
mVw + epidoxoniWcin 33 rngto'/w (3ni level: 5 
patients), cisplatin 40 mg/mVw + epidoxorubicin 
40 mg/mVw (4tb level: 4 patients). After 6 weekly 
cycles, an evaluation of clinical response and tox- 
icity was done. If become operable, patients un- 
derwent surgery; if not. three further cycles were 
administered. After nine cycles, if operable, pa- 
tients underwent surgery , if not, three further cycles 

were administered. Inclusion criteria were: histo- 
logically confirmed primary lung cancer without 
bin metastases. ECOG PS 0-1. normal cardiac 
function (LVEF S 60%, normal Echo). All pa- 
tients gave written informed consent. From March 
to October 1997. 13 patients (M/F 1 1/2. mean age 
59 years, range 42 to 68) were enrolled: all 13 
were evaluable for toxicity and 11 of them for 
response. Eleven patients had NSOX (2 patients 
had stage IV disease, 7 patients stage UIB, 1 
patient stage IIIA and 1 patient stage H, the last 2 
patients were evaluated only for toxicity); 2 pa- 
tients had SCLC (1 ED and 1 LD). As for the first 
endpoint, that is, cUnical response after sixcycjes, 
7 PR (63.63%), 3 SD (27.2g%). and 1 PD (9.09%) 
out of 11 patients were found with an ORR of 
63.63%. Only hematological toxicity was ob- 
served. Maximal toxicity per patient was as fbl- 
lows: 1 grade I Oeukopenia) and 1 grade n (ane- 
mia)'at 1st level (23 cycles evaluated); I grade Et 
and I grade m (both anemia) at 2nd level (20 
cycles evaluated); 1 grade I (anemia), 1 grade n 
(anemia and leukopenia), and 2 grade m (1 ane- • 
mia and 1 leukopenia) at 3rd level (31 cycles 
evaluated); 1 grade I (anemia), 1 grade n (ane- 
mia), and 2 grade IH (1 anemia and 1 leukopenia) 
at 4th level (29 cycles evaluated). One patient 
died while in PR for nontowdty-relaied causes. 
As for the second endpoint, tiie only data avail- 
Jible up to now are Ae serum levels of IL-lp, 
2, 11^6. TNFOi and sIL-2R of patients before 
treatment: tiiey were significandy higher than tiiose 
of normal subjects. "Hie comparison between se- 
nun levels of cytokines before and after treatment 
is onder evaluation. The sttwfy is still ongdng. 
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Biology of Cachexia 

Michael J. Tisdale* 



About half of aU cancer patients show a syndrome of cachex- 
ia, characterized by loss of adipose tissue and skeletal muscle 
mass. Such patients have a decreased survival time, com- 
pared with the survival time among patients without weight 
loss, and loss of total body protem leads to substantial im- 
pairment of respiratory muscle function. These changes can- 
not be fully explained by the accompanying anorexia, and 
nutritional supplementation alone is unable to reverse the 
wasting process. Despite a falling caloric intake, patients 
with cachexia frequently show an elevated restmg energy 
expenditure as a result of increases in Cori cycle (i.e., cata- 
lytic conversion of lactic acid to glucose) activity, glucose and 
triglyceride-fatty acid cycling, and gluconeogenesis. A num- 
ber of cytokines, including tumor necrosis factor-a, inter- 
leukins 1 and 6, mterferon 7, and leukemla-faihibitory factor, 
have been proposed as mediators of the cachectic process. 
However, the results of a number of clinical and laboratory 
studies suggest that the action of the cytokines alone is un- 
able to explain the complex mechanism of wasting in cancer 
cachexia. In addition, cachexia has been observed in some 
xenograft models even without a cytokine mvolvement, sug- 
gesting that other factors may be involved. These probably 
include catabolic factors, which act directly on skeletal 
muscle and adipose tissue and the presence of which has 
been associated with the clinical development of cachexia. A 
polyunsaturated fatty acid, eicosapentaenoic acid, attenuates 
the action of such catabolic factors and has been shown to 
stabilize the process of wasting and resting energy expendi- 
ture in patients with pancreatic cancer. Such a pharmaco- 
logic approach may provide new insights into the treatment 
of cachexia. [J Natl Cancer Inst 1997;89:1763-73] 

The word ''cachexia" is derived from the Greek '*kakos" 
meaning "bad" and **hexis" meaning ''condition." It occurs in 
a number of disease states, including cancer, acquired immuno- 
deficiency syndrome (AIDS), major u^uma, surgery, malabsorp- 
tion, and severe sepsis. Cachexia is characterized by weight loss 
involving depletion of host adipose tissue and skeletal muscle 
mass. Weight loss in cancer patients differs from that found in 
simple starvation. During the first few days of starvation, glu- 
cose utilization by the brain and erythrocytes necessitates deple- 
tion of liver and muscle glycogen and an increased glucose 
production by the liver, using gluconeogenic amino acids de- 
rived from catabolism of muscle. This early phase is replaced in 
long-term, starvation by the use of fat as a fuel, in which free 



fatty acids released from adipose tissue are converted into ketone 
bodies, which are utilized for energy by peripheral tissues and 
eventually to a great extent by the brain. This leads to conser- 
vation of muscle mass. In anorexia nervosa, more than three 
quarters of the weight loss arises from fat and only a small 
amount from muscle. In contrast, in cancer cachexia, there is 
equal loss of both fat and muscle, so that for a given degree of 
weight loss there is more loss of muscle in a patient with ca- 
chexia than in a patient widi anorexia nervosa (1). Thus, al- 
though anorexia is common in cancer patients, with reports of 
occurrence in 15%-40% of subjects at presentation (2), the body 
composition changes suggest that anorexia alone is not respon- 
sible for cachexia. Also, in malnourished cancer patients, the 
measured food intake fails to correspond with tiie degree of 
malnutrition (3), and loss of both muscle and adipose tissue has 
been reported to precede the fall in food intake (4), In contrast to 
simple starvation, it is not possible to reverse the body compo- 
sition changes seen in patients with cancer cachexia by the pro- 
vision of extra calories. Attempts to increase energy intake in 
cancer patients through dietary counseling failed to reverse the 
cachexia (5), Trials of total parenteral nutrition in cachectic can- 
cer patients also failed to show benefit in terms of increased 
median survival time or long-term weight gain (6), Although a 
short-term weight gain was observed, this weight was subse- 
quendy lost, suggesting the retention of water (7). Analysis of 
body composition indicated that patients receiving total paren- 
teral nutrition temporarily maintained body fat stores, but there 
was no evidence for preservation of lean body mass. Thus, the 
cause of wasting in cancer cachexia is more complex than that in 
simple starvation. 

Anorexia and Cachexia 

Altiiough anorexia alone is unlikely to be responsible for the 
wasting seen in cancer patients, it may be a contributing factor. 
In addition, its presence is an extremely distressing syndrome 
because appetite and the ability to eat have been reported to be 
the most important factors in the physical and psychological 
aspects of a patient's quality of life (8), Anorexic cancer patients 
often report early satiety, which together with a reduced appetite 
has been postulated to be caused by the production of factors by 
tifie tumor that exert their effects by acting on the hypothalamic 



"Correspondence to: Michael J. Tisdale, Ph.D., D.Sc, Phannaceutical Sci- 
ences Institute, Aston University, Biimingham B4 7ET, U.K. 
See **Note** following "References." 

® Oxford University Press 



Tnnmal of the National Cancer Institute, Vol. 89. No. 23, December 3, 1997 



REVIEW 1763 



sensory cells. Possible candidates for such a factor are the sati- 
etins (9). Satietins have been purified from human plasma and 
found to consist of two proteins that copurify untU they are 
purified from one another by affinity chromatography. The 
larger protein has been characterized as an extensively glyco- 
sylated al-acid-glycoprotein of a molecular mass of 64 kd, 
which is probably a vehicle for satietin D, a 41 -kd glycoprotein. 
When injected into rats, satietin D has been shown to produce a 
long-lasting anorectic effect, although its role in the develop- 
ment of anorexia is not known. There may also be some dys- 
function of the hypothalamic neuropeptide Y feeding system in 
the tumor-bearing state, since rats bearing a methylcholanthrene- 
induced sarcoma were found to be refractory to the intrahypo- 
thalamic injection of neuropeptide Y; normal rats, by contrast, 
increased their food intake by more than 50% in response to such 
an injection (10), 

Increased serotonergic activity within the central nervous sys- 
tem has been proposed as a possible cause of anorexia. Such 
activity is secondary to the enhanced availability of tryptophan 
to the brain. Thus, a close relationship between elevated plasma- 
free tryptophan and anorexia was observed in patients with can- 
cer and reduced food intake (]]). The uptake into the brain of 
tryptophan is competitive with that of branched chain amino 
acids. An attempt to reduce tryptophan uptake by increasing 
plasma levels of competitor branched chain amino acids pro- 
duced a decrease in the incidence of anorexia (72), but it was not 
reported whether such patients also regained body weight. How- 
ever, although the serotonin antagonist cyproheptadine has been 
reported to have a weight-enhancing effect in normal subjects, a 
randomized, placebo-controlled, double-blinded trial found it to 
have no effect on progressive weight loss in cachectic cancer 
patients (13). 

Metabolism in Cancer Cachexia 
MetaboUc Rate in Cancer Cachexia 

In chronic starvation, the basal metabolic rate is reduced as 
the body adapts to conserve tissues and energy in a low-protein- 
low-calorie environment (14), However, when compared with 
control groups, cancer patients have been reported to have re- 
duced (15), normal (16), or increased (17) energy expenditures. 
Because cancer patients typically have a reduced caloric intake, 
even a normal energy expenditure could be classified as being in 
excess. In one study of cancer patients with solid tumors, the 
basal metabolic rates of the patients were found to be elevated 
even before the onset of weight loss ( 18), thus suggesting that an 
elevated basal metabolic rate may be a contributing factor rather 
than a consequence of the condition. The elevated basal meta- 
bolic rate has been shown to be associated with an increase in 
heart rate, and it has been suggested that it may be due to an 
elevated adrenergic state (18), Certainly, many cancer patients 
show elevated plasma concentrations and increased urinary ex- 
cretion of adrenergic substances (19), in contrast to malnour- 
ished patients without cancer who generally show a decrease in 
catecholamine turnover. 

Thp tumor type appears to play an important role in deter- 
mining whether or not an elevation of resting energy expenditure 
is observed. Thus, patients with lung cancer show an increase in 
resting energy expenditure compared with that in healthy control 



subjects, whereas patients with gastric or colorectal cancer show 
no elevation in resting energy expenditure (20). Patients with 
pancreatic cancer have also been reported to have an increased 
resting energy expenditure compared with that in control sub- 
jects, and this effect was found to be more pronounced in those 
patients with an acute-phase response (21). This may explain 
why, in a mixed group of cancer patients with gastrointestinal, 
gynecologic, or genitourinary cancer, 33% were found to be 
hypometabolic. 41% had average metabolic rates, and 26% were 
hypermetabolic (15). It has been calculated that an elevation of 
12% in the metaboUc rate could account for the loss of 1-2 kg 
of body weight per month (17). Brown adipose tissue plays a 
thermoregulatory role and has been implicated as an important 
effector of both body temperature and energy balance in many 
mammals as well as in humans. Weight loss in a rat model of 
cancer cachexia has been attributed to a high metabolic rate 
produced by the activity of brown adipose tissue (22), although 
results from sarcoma-bearing mice with weight loss suggested 
that brown adipose tissue could not account quantitatively for 
the host wasting (23). Results in humans are sparse, although an 
examination of autopsy samples of periadrenal tissue by Ught 
microscopy revealed brown adipose tissue in 80% of cachectic 
cancer patients compared with 13% of age-matched control sub- 
jects (24). The reasons for these changes in basal metaboUc rate 
and brown adipose tissue in patients with cancer cachexia are 
unknown, although both tumor and host factors, together with 
the various aberrations in metabolic processes observed in this 
group of cancer patients, probably contribute to this condition. 

Carbohydrate Metabolism 

Most solid tumors, either because of isoenzyme alterations or 
because of their poor vascularization and hence hypoxic nature, 
rely almost exclusively on the anaerobic metabolism of glucose 
as their main energy source, with most being converted to lactate 
(25). Glucose uptake and lactate release by human colon carci- 
nomas have been found to exceed the peripheral tissue exchange 
rate by 30-fold and 43-fold, respectively (26). Selective tran- 
scriptional regulation of hexokinase isoforms by a tumor may 
enable it to have a growth advantage over normal cells. Thus, the 
type II isoform has been shown to be the dominant form ex- 
pressed in AS-30D hepatoma cells in contrast to the type IV 
isoform in normal hepatocytes (27). The promoter activity of the 
type n hexokinase was found to be resistant to normal hormonal 
control, thus enabling tumor cells to maintain glycolysis at an 
optimal rate regardless of the metabolic state of neighboring 
healthy cells. 

Since glycolysis is an inefficient method of energy produc- 
tion from glucose compared with oxidative phosphorylation, 
high levels of glucose will be consumed by the tumor. In mice 
bearing transplantable colon tumors, glucose utilization by the 
tumor was second only to that by the brain (28), This extra 
demand for glucose by the tumor was accompanied by a marked 
decrease in glucose utilization by host tissues, in particular the 
brain, which resembles the situation found in starvation. Despite 
this weight loss, cancer patients show a 40% increase in hepatic 
glucose production compared with control subjects, in Contrast 
to the reduced level seen in patients with anorexia nervosa (29), 
The increase in glucose production in some cancer patients can 
be accounted for by an increasje in Cori cycle activity (30). 
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Patients with progressive cancer have been shown to have an 
increased glucose synthesis not only from lactate (31), but also 
from alanine (32) and glycerol (33), The Cori cycle normally 
accounts for 20% of glucose turnover, but it was shown to be 
increased to 50% in cachectic cancer patients, accounting for the 
disposal of 60% of the lactate produced (34). Both glucose pro- 
duction rates and* recycling rates were found to be higher in 
malnourished cancer patients than in patients without cancer and 
with comparable weight loss (35). The increased glucose recy- 
cling equivalent to 40% of the daily glucose intake of the cancer 
patient has been estimated to lead to a potential loss of 0.9 kg of 
body fat per month. 

Hypoglycemia has been reported in a number of animal mod- 
els of cancer, and in humans it is associated with carcinoma of 
the stomach, cecum, or bile ducts, pseudomyxoma, and para- 
ganglioma, sometimes occurring before the presence of a tumor 
is suspected (36). It was originally thought that hypoglycemia 
was due to the high glucose consumption by the tumor, but a 
recent study (37) suggests that it arises through the ability of 
some tumors, other than insulmoma, to produce insulin or insu- 
lin-like substances. Since insulin levels have been shown to be 
low in cases of tumor-associated hypoglycemia, the production 
by the tumor of an insulin-like growth factor has been suggested 
as the cause of enhanced peripheral glucose uptake. The most 
likely candidate for the pathogenesis of extrapancreatic tumor 
hypoglycemia is the production of a high-molecular-mass (15- 
25 kd) insulin-like growth factor II (IGF 11) by the tumor (37). 

Thus, patients with cancer have an increased glucose produc- 
tion and turnover, which may be enhanced by the production of 
IGF n. Such changes contribute to an increased energy expen- 
diture by the host. 

Lipid Metabolism 

Fat constitutes 90% of the adult fuel reserves, and loss of 
whole-body fat is a feature of cancer cachexia. Cancer patients 
with weight loss have an increased turnover of both glycerol and 
fatty acids when compared with patients without weight loss 
(38). Fasting plasma glycerol concentrations have been shown to 
be higher in weight-losing cancer patients than in weight-stable 
cancer patients, thus providing evidence for an increase in li- 
polysis (39). Increased utilization of fatty acids as a preferred 
energy source has been observed even in the presence of high 
plasma glucose concentrations, suggesting that, in the presence 
of certain tumors, host tissues may increase their utilization of 
fatty acids as an energy source (40). 

Several clinical studies [reviewed in (41)] have observed an 
increased mobilization of fatty acids before weight loss occurs, 
suggesting the production of lipid-mobilizing factors either by 
the tumor or by host tissues. Although normal individuals sup- 
press lipid mobilization with administration of glucose, there is 
an impaired suppression in patients with malignant diseases as 
well as continued oxidation of fatty acids (42). Increased fatty 
acid oxidation in the absence of increased dietary fat intake 
would result in a depletion of fat stores, while increased triglyc- 
eride fatty acid cycling and gluconeogenesis from glycerol could 
result in an increase in metabolic rate. All of these processes, 
therefore, have the potential to contribute to a net loss of body 
weight. 

Mobilization of fatty acids from host adipose tissue may be 



an important factor contributing to tumor growth. Patients with 
ovarian or endometrial tumors were found to have lower con- 
centrations of linoleic acid in subcutaneous adipose tissue than 
cancer- free subjects, suggesting mobilization to supply lipids to 
the tumor (43). Linoleic acid has been found to act as a stimu- 
lator of tumor growth both in vitro (44) and in vivo (45). The 
effect is probably due to formation of prostaglandins or products 
of the lipoxygenase pathways. Rat Walker 256 carcinosarcoma 
cells UMsfected with 12-lipoxygenase-specific antisense oligo- 
nucleotide or antisense oligonucleotides directed to conserved 
regions of lipoxygenases underwent time- and dose-dependent 
apoptosis (46). Also, treatment with lipoxygenase but not with 
cyclooxygenase inhibitors induced apoptotic cell death, which 
could be partially inhibited by exogenous 12(5)- or 15(5)- 
hydroxyeicosatetraenoic acids (46). This observation suggests 
that essential fatty acids from adipose tissue may be required for 
tumor expansion by preventing cell death by apoptosis. 

Protein Metabolism 

Lean body mass and visceral protein depletion are character- 
istics of patients with cancer cachexia, and the degree of deple- 
tion may be associated with reduced survival f^7J. The major 
site of this protein loss has been observed to be the skeletal 
musculature (48). An increased rate of whole-body protein turn- 
over has been reported in cachectic cancer patients. A reduced 
rale of protein synthesis and an increased rate of degradation 
were observed in muscle biopsy specimens from 43 newly di- 
agnosed cancer patients with weight loss (49). An increase in 
cathepsin D activity was observed in biopsy specimens from the 
rectus abdominal muscle, an increase that was associated with 
the rate of protein degradation. In another study (50), a decrease 
in muscle protein synthesis was also observed in weight-losing 
cancer patients, with no change in total body synthesis or deg- 
radation. Muscle protein synthesis accounted for only approxi- 
mately 8% of the total body synthesis in these patients compared 
with 53% for healthy control subjects. The observed mainte- 
nance of the total protein synthetic rate in these patients may 
therefore be due to a twofold increase in nonskeletal muscle 
protein synthesis. This twofold increase in protein synthesis may 
be due to increased hepatic synthesis of secretory proteins such 
as acute-phase reactants. An elevated whole-body protein turn- 
over may also be apparent in patients with small tumor burdens 
(51). 

There are also changes in the plasma amino acid profile in 
patients with cancer cachexia, and most studies have reported 
that such patients exhibit decreases in the concentrations of glu- 
coneogenic amino acids. This result contrasts with the situation 
in subjects with severe malnutrition, in whom the concentrations 
of branched chain amino acids in plasma are normal or in- 
creased. Compared with normal colon tissue, human colon tu- 
mors were observed to have a specific requirement for serine and 
for the branched chain amino acids valine, leucine, and isoleu- 
cine (52). However, the two tissues had similar retention of total 
amino acids. Correlations between histidine-induced, enhanced 
formiminoglutamic acid excretion, elevated basal metabolic 
rate, and reduced serum albumin levels were observed in a study 
of eight weight-losing patients with small-cell carcinoma of the 
lung (53). Formiminoglutamic acid excretion was reduced in 
patients who showed a positive response to chemotherapy, 
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whereas there was no change in a patient with progressive dis- 
ease. 

The pathway responsible for breakdown of myofibrillar pro- 
teins is the adenosine triphosphate (ATP)-ubiquitin-dependent 
proteolytic system, which has been shown to be elevated in 
starvation (54), sepsis (55)» and metabolic acidosis (56) and after 
transplantation of certain tumors such as the Yoshida ascites 
hepatoma in rats (57). In this process, proteins for degradation 
are first conjugated with ubiquitin, which serves as a signal for 
degradation by a large proteolytic complex, the 26S proteasome, 
which requires ATP to function. In skeletal muscle of rats bear- ^ 
ing the Yoshida ascites hepatoma, a 500% increase in expression 
of polyubiquitin genes was observed in relation to both pair-fed 
(i.e., non-tumor-bearing rats fed the same amount of food as 
tumor-bearing rats) and ad libitum-ftd animals (57). Treatment 
with clenbuterol suppressed the elevation of protein breakdown 
rates toward control values, and this suppression was associated 
with a decreased expression of polyubiquitin genes (58). Thus, 
understanding more about this proteolytic system and factors 
involved in its regulation may provide important clues for the 
treatment of muscle wasting in cachexia. 

Factors Implicated in Production of 
Cancer Cachexia 

Numerous cytokines, including tumor necrosis factor-a 
(TNF-a), interleukin 1 (IL-1), interleukin 6 (IL-6), interferon 
ganmia (IFN 7), and leukemia-inhibitory factor (LIF), have been 
postulated to play a role in the etiology of cancer cachexia. Such 
cytokines may be produced by tumor or host tissue and are 
characterized by the induction of anorexia and a decrease in the 
clearing enzyme lipoprotein lipase. The ability to inhibit lipo- 
protein lipase varies among the cytokines. Thus, while LIF is 
twofold to 10-fold less potent than TNF-a, it is 100 times more 
potent than IL-6 (59). However, it is unlikely that a decrease in 
lipoprotein lipase alone could account for the fat cell depletion 
and wasting seen in cachexia, since in type 1 hyperlipidemia 
caused by an inherited deficiency in lipoprotein lipase, patients 
have normal fat stores and are not cachectic. This fact, together 
with the inabihty of the cytokines to explain all of the metabolic 
changes associated with cancer cachexia, has inspired investi- 
gators to search for tumor-produced catabolic factors that act 
directly on adipose tissue and skeletal muscle initiating the pro- 
cess of cachexia. 

Tumor Necrosis Factor-a (TNF-a) 

TNF-a was suggested as a possible cachectic factor as a 
result of studies on the mechanism of the weight loss observed 
in rabbits chronically infected with Trypanosoma brucei brucei. 
Administration of TNF-a to laboratory animals induces a state 
of cachexia, with anorexia and depletion of adipose tissue and 
lean body mass. However, tachyphylaxis rapidly develops fol- 
lowing administration of additional TNF-a (60). Tachyphylaxis 
was not found to develop in inununodeficient nude mice that 
were given an injection of Chinese hamster ovary (CHO) cells 
transfected with the human TNF-a gene (61). These cells in- 
duced high serum levels of TNF-a (1.0-22.8 ng/mL) in the mice 
and a syndrome resembling cancer cachexia with progressive 
wasting, anorexia, and early death. It is interesting that, when 



such cells were transplanted intracerebrally, hypophagia and 
weight loss were observed, and the body composition was com- 
parable to that seen in starvation, i.e., a decrease in whole-body 
lipid but conservation of protein (62 j. When the tumor cells were 
transplanted intramuscularly, profound anorexia did not de- 
velop; after a long period of tumor burden (50 days), however, 
cachexia developed and both protein and lipid were depleted. 

In addition to inhibition of lipoprotein lipase (59), incubation 
of cultured hunuui fat cells with TNF-a has been shown to 
induce a marked dose-dependent stimulation of lipolysis by up 
to 400% of control values; this stimulation became apparent 
after a 6-hour exposure at the earliest (63). TNF-a has been 
shown in several studies (64-68) to activate muscle protein deg- 
radation, although not all of the reports agree that TNF-a does 
activate protein degradation directly. In one of the studies (65), 
TNF-a administration to healthy (i.e., cancer-free) rats brought 
about an enhanced rate of degradation of skeletal muscle protein, 
even though body weight loss was not apparent in the animals. 
In another of the studies (68), administration of anti-murine 
TNF-a inununoglobulin to rats bearing the Yoshida AH- 130 
ascites hepatoma led to decreases in the rates of protein degra- 
dation in the skeletal muscle, heart, and liver tissues, but it had 
no effect on weight loss in the animals. However, a direct action 
of TNF-a has not been demonstrated by most authors, when 
either tyrosine or 3-methylhistidine was used as a measure of the 
proteolytic rate (69). Despite this result, a recent report (67) has 
shown an increase in ubiquitin gene expression, with no change 
in the expression of the C8 proteasome subunit after incubation 
with TNF-a for 180 minutes in vitro. These results show that 
TNF-a has the potential to act as a modulator of the cachectic 
process. 

Some animal tumors are thought to produce the cachectic 
syndrome through the mediation of TNF-a. The Yoshida AH- 
130 ascites hepatoma induces weight loss in the host, and el- 
evated endogenous circulating TNF-a and prostaglandin lev- 
els are observed (68). Administration of anti-TNF-a antibody 
before transplantation of the tumor abolished detectable TNF-a 
levels, while fractional rates of protein degradation in gastroc- 
nemius muscle, heart, and liver were reduced, although treat- 
ment failed to prevent a reduction in body weight. A similar 
result was obtained in mice with methylcholanthrene-induced 
sarcomas, where anti-TNF-a monoclonal antibody delayed but 
did not prevent the development of anorexia and had no effect on 
overall body weight (70). In another model, the Lewis lung 
adenocarcinoma anti-TNF-a antibody partially reversed the loss 
of body fat, without affecting food intake or causing a change in 
body weight (70). This finding suggests that TNF-a may not be 
responsible for the changes seen in animals or humans with 
cancer cachexia. 

Similar problems have been encountered in clinical studies on 
the role of TNF-a in cancer cachexia. While a short intravenous 
infusion of recombinant human TNF-a increased plasma triglyc- 
eride levels, glycerol turnover by more than 80% and free fatty 
acid turnover by more than 60% (71,72), in the case of long-term 
administration, the changes resolved despite the continuous ad- 
ministration of TNF-a (71 ). Similar effects were seen on protein 
metabolism, where whole-body protein turnover was increased 
as measured by ^^N enrichment of urinary urea and ammonia 
(71). Thus, TNF-a has the potential to induce catabolism of 
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adipose tissue and skeletal muscle in humans, although anorexia 
has not been reported to be a major dose-limiting toxicity. Sev- 
eral studies have failed to detect elevated circulating levels of 
TNF-a in cachectic cancer patients (73,74) or have failed to 
associate the elevation with the development of cachexia (75), 
Elevation of serum TNF-a levels seems to be associated more 
with the clinical status of the patient. Thus, in a study of 91 
patients with B-cell chronic lymphocytic leukemia, serum levels 
of TNF-a were elevated in all stages of the disease with a 
progressive increase in relation to the stage (76). TNF-a levels 
were found to be substantially higher in patients with endome- 
trial carcinoma than in healthy postmenopausal women or in 
women with endometrial hyperplasia, and serum TNF-a levels 
were associated with advancing stage of disease (77). Increased 
serum levels of TNF-a receptors were found in a range of solid 
tumor types, and the incidence and extent of the increase also 
were associated with the staging of the disease (78), 

The inability to associate serum levels of TNF-a with the 
development of cachexia may be due to the very rapid blood 
transit of cytokines, so that they can be transported from the sites 
of production to the target tissues without causing an elevated 
serum concentration. However, elevated concentrations of 
TNF-a have been reported in patients with both malaria (79) and 
visceral leishmaniasis (80), which has been associated with 
death and cachexia. In addition, although animal experiments 
have shown TNF-a to be a potent inhibitor of lipoprotein lipase 
(59), there appears to be no difference between cancer patients 
and control subjects in either the total lipoprotein lipase activity 
or the relative levels of the messenger RNA (mRNA) for lipo- 
protein lipase and fatty acid synthesis (74), thus raising a ques- 
tion of a local effect for this cytokine. In rats infected with 
Escherichia coli, pentoxifylline (a potent inhibitor of TNF-a 
secretion) decreased the anorexia, loss of body weight, and 
muscle protein observed and partially prevented the decrease in 
muscle protein synthesis induced by infection (81). However, in 
a clinical study (82), pentoxifylline failed to reduce anorexia or 
cachexia in 35 patients with cancer. 

Interleukin 6 (IL-6) 

A potential role for IL-6 in the development of cancer ca- 
chexia has mainly been provided from animal studies involving 
the use of the murine colon-26 adenocarcinoma model (83-85), 
in which increasing levels of IL-6 appear to lead to the devel- 
opment of cachexia (83). In addition, the administration of anti- 
mouse lL-6 monoclonal antibody, but not of anti-mouse TNF-a 
monoclonal antibody, attenuated the development of weight loss 
and other parameters of cachexia in the mice (83). In another 
study (84) in which clonal variants of the colon-26 tumor model 
were used, the serum concentrations of IL-6 in mice bearing a 
tumor clone that does not induce weight loss were lower than in 
mice bearing a tumor clone that does induce weight loss; how- 
ever, infusion of IL-6 into mice in the former group did not lead 
to body weight loss. These results indicate that IL-6 was not 
solely responsible for the induction of cachexia. Suramin, a 
polysulfonated napthylurea, has been shown to inhibit the bind- 
ing of IL-6 to cell surface receptor subunits, and it has been 
shown to partially block cachexia in the colon-26 model, without 
a decrease in tumor burden (85). Since anti-IL-6 antibody treat- 
ment did not enhance the effect, this result suggests that suramin 



inhibits cachexia, at least in part, by interfering with the binding 
of IL-6 to its receptor. IL-6 has also been identified as a mediator 
of cachexia by the growth of a uterine cervical carcinoma called 
Yomoto in nude mice (86), Adminisu-ation of a neutralizing 
antibody against human IL-6 to mice, after the development of 
cachexia, was shown to reduce the loss of body weight and the 
wasting of adipose tissue (86). 

Agents that regulate cytokines, such as interleukin 12 (IL-12), 
reduced the serum levels of IL-6 in mice bearing the murine 
colon-26 carcinoma and alleviated the loss of body weight, adi- 
pose tissue wasting, and hypoglycemia associated with cachexia 
(87). IL-12 also substantially increased IFN 7 levels in the tu- 
mor, and IFN 7 administered intraperitoneally also prevented the 
cachexia, although it did not reduce IL-6 levels. It is interesting 
that IFN 7 has been reported to be a possible mediator of ca- 
chexia in other animal model systems (88). Interleukin 10 (IL- 
10) was originally identified as a cytokine synthesis inhibitory 
factor. A reduction in serum IL-6 levels was observed in mice 
bearing the colon-26 tumor transfected with the IL-10 gene, 
although these levels did not reach baseline values and such 
mice did not develop cachexia (89). Since cachexia was com- 
pletely prevented with an incomplete reduction of serum IL-6 
levels, the authors suggested that an additional unknown factor 
was responsible for the development of cachexia in this model. 
This suggestion was also made in another study (90) on mice 
bearing the colon-26 tumor. An antibody to the IL-6 receptor 
reduced the loss of weight of the gastrocnemius muscle and 
suppressed the enzymatic activity of cathepsins B and L and 
mRNA levels of cathepsin L and poly-ubiquitin, but it had no 
effect on the overall loss of body weight or wasting of adipose 
tissue, suggesting that the latter two may not be influenced by 
IL-6. 

Certainly, IL-6 has the potential to act as a cachectic factor. 
Atrophy of muscles is observed in IL-6 transgenic mice; this 
atrophy is completely blocked by anti-mouse IL-6 receptor an- 
tibody (91). The muscle atrophy is associated with increased 
mRNA levels for cathepsins (B and L) and mRNA levels of 
ubiquitins (poly- and mono-). Administration of IL-6 to rats has 
also been shown to acutely activate both total and myofibrillar 
protein degradation in skeletal muscle (92). In an in vitro study 
(93) using murine C2C12 myotubes grown in cell culture, expo- 
sure of the cells to 100 U/mL recombinant human IL-6 was 
found to shorten the half-life of long-lived proteins and to in- 
crease the activity of the 26S proteasome and lysosomal (ca- 
thepsins B and L) proteolytic pathways. This result suggests that 
IL-6 is capable of directly up-regulating pathways of protein 
degradation. 

Unlike the results obtained with TNF-a. statistically signifi- 
cant increases in IL-6 and C-reactive protein, as a measure of the 
acute-phase response, have been found in weight-losing patients 
with non-small-cell lung cancer, when compared with patients 
with the same tumor, but without weight loss (94). An elevated 
level of serum IL-6 has also been reported in patients with colon 
cancer and an acute-phase response (95); however, since all 
patients had lost weight, it is difficult to associate this elevation 
with the induction of cachexia. 

The results of these animal and human studies strongly im- 
plicate IL-6 in the cachectic process. However, IL-6 probably 
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does not act alone but may either induce or act in synergy with 
other cachectic factors. 

Interleukin 1 (IL-1) 

IL-1 has been shown to have many effects similar to those of 
TNF-a; these similar effects include suppression of lipoprotein 
lipase and enhancement of intracellular lipolysis. Administration 
of recombinant IL-1 was observed .to induce anorexia, weight 
loss, hypoalbuminemia, and elevated amyloid P levels in the 
mouse (96). Indeed, this cytokine was observed to have a greater 
anorexigenic effect than TNF-a when administered in isomolar 
quantities. However, in the MCG 101 sarcoma tumor model of 
cachexia in mice, IL-1 mRNA was present at low levels as 
determined by northern blot analysis in the spleen, liver, intes- 
tine, and brain and at elevated levels in the spleen (97). IL-1 and 
TNF-a protein were both detected in tumor tissue, but at levels 
similar to those in normal tissue. Neutralizing antibodies against 
the IL-1 receptor were observed to cause statistically significant, 
but minor, inhibitory effects on cachexia and anorexia in this 
model (98). Administration of the IL-1 receptor antagonist to 
rats bearing the Yoshida ascites hepatoma was also found to be 
completely ineffective in preventing tissue depletion and protein 
hypercatabolism (99). Transfection of a cachectic tumor cell line 
(colon-26) with the gene for the IL-1 receptor antagonist also 
failed to abolish the capacity of the tumor to produce cachexia 
(100). These results cast doubt on a role of this cytokine in the 
induction of tissue wasting in cancer cachexia. 

Interferon Gamma (IFN y) 

Interest in the role of IFN y in the pathogenesis of cancer 
cachexia developed as a result of observations confirming that it 
had properties similar to those of TNF-a with respect to fat 
metaboUsm in vitro (101). Weight loss in mice bearing the 
Lewis lung tumor is associated with IFN y production, and 
administration of an anti-IFN 7 antibody reduced the depletion 
of body fat but had no effect on total body protein (102). In rats 
that had received transplants of the MCG 101 sarcoma, anti-IFN 
-y antibody reduced weight loss and anorexia and increased sur- 
vival, but the treatment was partial and short-lived, suggesting 
that IFN 7 may not be the sole mediator (103). Inoculation of 
CHO cells transfected with the IFN 7 gene into mice resulted in 
a dose-related development of anorexia and marked weight loss 
due to fat and muscle depletion, not wholly attributable to the 
reduction in food intake (104). Such a result should not be in- 
terpreted to mean that IFN 7 by itself can induce cachexia, since 
both IFN 7 release and the presence of the tumor cells were 
found to be required. While serum TNF-a levels of patients with 
multiple myeloma did not differ from those found in healthy 
control subjects, IFN 7 was found to be raised in 53% of the 
patients (105). However, no association was observed between 
the level of IFN 7 and clinical parameters of the disease. These 
results suggest that IFN 7 alone may not be responsible for the 
induction of cachexia. 

Leukemia-Inhibitory Factor (LIF) 

LIF has also been suggested to play a role in the cancer 
cachexia syndrome through its ability to decrease lipoprotein 
lipase activity. Nude mice implanted with the human cell line 



SEKl, which expresses large amounts of LIF, develop a severe 
cachexia (106). LIF mRNA has also been shown to be present in 
two types of melanoma xenograft that induce weight loss in 
transplanted animals, wHereas none was detected in non- 
cachexia-inducing xenografts {106). Although inhibition of li- 
poprotein lipase has been suggested to account for the cachectic 
effect of LIF, it is unlikely that a decrease in lipoprotein lipase 
alone could account for the fat cell depletion, .and no mechanism 
has been proposed to explain skeletal muscle catabolism. It 
seems unlikely that any of the cytokines alone are able to explain 
the complex mechanism of wasting seen in cancer cachexia, and 
other factors must be involved. This view is substantiated in a 
study of the factors responsible for the cachectic syndrome in 
nude mice bearing human tumor xenografts ( 107). In four of the 
eight models, a cytokine such as LIF or IL-6 produced by the 
cancer cells may be responsible; however, in the remaining four 
cancer cell lines, the inducing factor was unknown. In these 
cases, the inducing factors may be catabolic factors, which act 
directly on host tissues. 

Lipid-Mobilizing Factors (LMFs) 

LMFs act directly on adipose tissue with the release of free 
fatty acid and glycerol in a manner similar to that of the lipolytic 
hormones. Like the induction by hormones, the induction of 
lipolysis is associated with an elevation of intracellular cyclic 
adenosine monophosphate (108), possibly as a result of stimu- 
lation of adenylate cyclase. Evidence for the production by tu- 
mors of an LMF was provided by Costa and Holland ( 109), who 
showed that nonviable preparations of the Krebs-2 carcinoma, 
when injected into mice, were able to induce the early, rapid 
stage of fat depletion, which represented true cachexia in this 
model. Ascites serum from rats transplanted with the Walker 
256 carcinoma increased stimulation of lipolysis in an in vitro 
assay (110), whereas serum from mice bearing a thymic lym- 
phoma when injected into non-tumor-bearing controls produced 
massive fat loss (111), providing further evidence for an LMF. 
This latter factor was also detected in extracts of the tumor, in 
tissue culture medium, and in the sera of patients with adeno- 
carcinomas of the cervix and stomach, thus suggesting that the 
LMF was tumor derived and circulatory. Other studies have 
shown that the level of LMF in the sera of cancer patients was 
proportional to the extent of weight loss (112) and was reduced 
in patients responding to chemotherapy (113). 

Most studies provide evidence that the LMF is an acidic 
protein, although there appears to be variations in the molecular 
weight. A heat-stable protein of molecular mass around 5 kd was 
isolated from a thymic lymphoma (114), and another heat-stable 
protein of molecular mass 6 kd was isolated from the condi- 
tioned medium of the A375 human melanoma cell line (115). A 
heat-labile material of molecular mass between 65 kd and 75 kd 
was isolated from the ascites fluid of patients with hepatoma and 
mice with sarcoma 180 (116). Tryptic digestion of the active 
material produced a low-molecular-weight material that was still 
active. 

These studies provide strong evidence for the production of 
LMF by tumors. The production of this material appears to be 
related to the process of cachexia, since LMF is absent or present 
in reduced amounts in tumors that do not induce cachexia (117) 
and is absent from normal seruni, even under conditions of star- 
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vation (118). No report to date has provided sequence informa- 
tion on these LMFs; therefore, further studies are required. 

Protein-Mobilizing Factors (PMFs) 

Using bioassays to detect protein degradation, investigators 
have found evidence for the existence of PMF(s) in the sera of 
both animals (119) and humans (120) with cancer cachexia. The 
bioactivity appears to be associated with the loss of skeletal 
muscle mass and is absent from the sera of healthy control 
subjects. This material has now beien purified from a cachexia- 
inducing murine tumor (MAC 16) and from the urine of patients 
with cancer cachexia by use of affinity chromatography with a 
monoclonal antibody derived from mice bearing the MAC16 
tumor (121). The PMF from both murine and human sources 
appeared to be identical and was characterized as a sulfated 
glycoprotein of a molecular mass of 24 kd and of unique amino 
acid sequence (122,123). Although the PMF was readily de- 
tected in the urine of cachectic cancer patients, irrespective of 
the tumor type, it was absent from the urine of cancer patients 
with little or no weight loss, from the urine of normal subjects, 
.or from the urine of patients with weight loss due to trauma or 
sepsis (122), When the PMF was injected into non-tumor- 
bearing mice, rapid weight loss (about 10% in 24 hours) was 
observed, without a reduction in food and water intake, and body 
composition analysis showed selective depletion of the lean 
body mass. Evidence for a direct effect of the PMF was provided 
by the induction of protein degradation in isolated gastrocnemi- 
us muscles (121). The conservation in structure of this material 
between murine and human sources suggests that production of 
a PMF may be important in the growth and survival of some 
tumors. 

Treatment of Cancer Cachexia 

Weight loss is associated with psychologic distress and a 
lower quality of life. In addition, patients with weight loss have 
a shorter survival time and a decrease in response to therapy 
(124). About half of all patients with cancer show some weight 
loss (124), but those with pancreatic cancer show it at the highest 
frequency (125); in the latter study, the investigators found that 
all patients at the time of diagnosis had lost weight (median, 
14.2% of pre-illness stable weight), and this weight loss was 
progressive, increasing to a median of 24.5% just before death. 
Patients with more than 15% weight loss are likely to have 
substantial loss of total body protein, and at this level of lean 
tissue depletion, physiologic function (e.g., respiratory muscle 
function) is markedly impaired (126), Thus, such patients need 
effective therapy if death from cachexia is not to occur. 

As previously discussed, nutritional support in the form of 
total parenteral nutrition has failed to replete lean body mass. 
Even worse, a meta-analysis of the published trials on patients 
receiving total parenteral nutrition while undergoing chemo- 
therapy showed a decreased survival, a poorer tumor response, 
and a significantly significant increase in infectious complica- 
tions (127). 

An improvement in appetite alone does not fully reverse the 
cachectic syndrbme. Thus, patients with advanced malignant 
disease receiving medroxyprogesterone acetate (100 mg taken 
orally three times a day) showed a great improvement in appe- 



tite, but this effect did not result in weight gain or an improve- 
ment in performance status, energy levels, mood, or relief from 
pain (128). Results with the appetite stimulant megestrol acetate 
look more promising in terms of weight gain. A number of 
clinical studies (129J30,131) have been performed, all of which 
report an increase in appetite and weight gains of up to 6.8 kg 
over baseline values in 16% of patients treated. However, body 
composition analysis, as determined by use of dual-energy x-ray 
absorptiometry and tritiated body water methodologies mea- 
sured at the time of maximum weight gain, showed that the 
majority of patients gained weight from an increase in adipose 
tissue, while an increase in body fluid was responsible for a 
small portion of the weight gained (131), An increase in lean 
body mass was not observed. Such body composition changes 
are similar to those observed in patients receiving total paren- 
teral nutrition (7). 

Pharmacologic approaches to the treatment of cancer cachex- 
ia have been more successful. Hydrazine sulfate, an agent that 
inhibits the enzyme phosphoenolpyruvate carboxykinase, has 
been demonstrated to favorably influence the abnormal glucose 
and protein metabolism in cachectic cancer patients ( 132) and to 
maintain or even increase body weight (133). Ibuprofen, a cy- 
clooxygenase inhibitor, has been shown to reduce the resting 
energy expenditure in patients with pancreatic cancer, suggest- 
ing that it may have a role in abrogating the catabolic processes 
that contribute to weight loss (134), Serum C-reactive protein 
levels were also reduced. The polyunsaturated fatty acid eicosa- 
pentaenoic acid, another cyclooxygenase inhibitor, has also been 
shown to counteract the weight loss in patients with pancreatic 
cancer with stabilization of protein and fat reserves (135). This 
result was accompanied by a temporary reduction in acute-phase 
protein production and stabilization of resting energy expendi- 
ture. The effect appears to be specific for eicosapentaenoic acid, 
since patients receiving a related polyunsaturated fatty acid, 
gammalinolenic acid, continued to lose weight. A similar struc- 
ture-activity relationship was observed in mice with cachexia 
induced by the MAC 16 tumor (136), Eicosapentaenoic acid ap- 
pears to act by attenuating the action of catabolic factors in 
cachexia. Induction of lipolysis by an LMF was inhibited by 
eicosapentaenoic acid, and the effect appeared to be due to pre- 
vention of the rise in adipocyte cyclic adenosine monophosphate 
levels (108). Administration of eicosapentaenoic acid also led to 
statistically significant reductions in protein degradation in vivo 
(136), possibly as a result of the ability to inhibit prostaglandin 
Ej production in skeletal muscle by a PMF (119), 

Summary 

Although cancer cachexia superficially resembles starvation, 
nutritional intervention alone is unable to reverse the condition. 
Tremendous progress has been made in the last 10 years in 
elucidating the role of various factors in host tissue catabolism, 
and the results of these studies are now being translated into 
treatment regimens for the benefit of patients with cachexia. 
Cachexia is an important cause of mortality in cancer patients, 
accounting directly for between 10% (137) and 22% (138) of all 
cancer deaths, as well as death from other causes such as infec- 
tion. Thus, an effective therapy for cachexia not only should 
improve the quality of life of cancer patients, but also may be 
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expected to extend the survival time. In addition, since some 
tumors may depend on the products from host tissue catabohsm 
for survival, such therapy may also have an antitumor effect. 
Considering that cachexia is common in those cancers for which 
therapy is currenUy limited, this could prove to be of great 
clinical benefit. 

Appendix: Methodology 
Purpose 

Our goal was to review the metabolic processes that contrib- 
ute to cancer cachexia-related tissue wasting and to critically 
assess the role of cytokines and catabolic factors as mediators of 
these processes; studies of this condition in humans were em- 
phasized as much as possible. 

Information Source 

Our sources of information were Medline (National Library 
of Medicine. Bethesda, MD), Current Contents (Institute for 
Scientific Information, Philadelphia, PA), and a large reprint file 
built up over 15 years. No study has been excluded on the basis 
of the date of publication if the results are still appropriate, 
although emphasis has been placed on the most recent studies 
whenever possible. Where several authors report the same result, 
only one study is included, usually the first published. 

Criteria for Evaluating Validity 

Data from studies on humans rather than on experimental 
animals have been used whenever possible, particularly if results 
from the latter contradict the human evidence. Results ft-om 
animal experiments that involved use of models not appropriate 
to the human condition have been excluded; these included stud- 
ies of tumors that are rapidly grovmig or where the weight of the 
tumor was large in relation to the weight of the animal. Since 
cachexia is an in vivo phenomenon, priority was given to studies 
in which whole animals were used. 

Methods for Summarizing Evidence 

There was insufficient data in this area to warrant highly 
structured quantitative techniques, and a simple narrative ap- 
proach has been used to summarize the evidence. 
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Summary Cytokines, such as imerteukins and tumor necrosis factors (JNFa ), are produced in response to immune 
sHmulatton and have syslemic effects, mediated by the central nervous system (CNS). Interleukins, in partk:ular 
Interteukin PLj-ip. and TNPa reduce food intake after peripheral and central administration, suggesting that they 
contribute to the anorexia during vartous infectk>uSp neoplasfic and autoimmune diseases Because cytokines are 
mainly produced in the periphery during most of these cRseases. IL-ip and TNFa may inhlbtt feeding Indirectly through 
neural and humoral pathways acUvated by tha'r peripheral actions. Activatton of afferent nerve fibers by locally 
produced cytokines in the periphery is im^Kred in several cytokine effects, but is not cniclal for the anorectic effect of 
systemic Immune stimulation. Cytokines increase OB protein (leptin) expression In the adipose tissue, and leptin may 
contribute to, but is also not essential for, the anorectk: effects of cytokines, Rnally, circulating IL-1 and TNFa may act 
directly on the brain or cytokine synthesis in the brain may contribute to the anorectic effect of systemto immune 
stimula^* Central mediators of the anorectic effects of cytokines c^ar to be neurochemicals mvolved in the nonnal 
control of feeding, such as serotonin, corticotropin releasing factor, histamine, a-melanocyte stimulating hormone, and 
neuropeptide Y. The well-documented cytokine production In the gut in relatbn to feeding and the expresston of TNFa 
by adipocytes suggest that lL-1^ and TNFa may also play a role in the control of nonnal feeding and energy balance. 
All in all, redprocal, synerglsec and antagonistic interactions between various pleiotropic cytokines and between 
cytokines and neurochemicals fonn a complex networic that mediates the effects of cytokines on feeding and energy 
balance. & 1999 Haroourt Publishers Lid 



iirmoDUCTioN 

b) response to ixranune stixDulatioiv blood monocytes, 
tissue macrophage^, ami a yaziety of other cells [blood 
neutrophils, cential nervous system (CNS) microglia, 
astrocytes, endothelial cdls, and fibroblasts] produce and 
release a series of proinflammatbxy cytoidties such as 
lmetleufcin-[ILll, IL-8, and tumor necrosis facttn:^ 
(TNFa]. These cytokines are part of the cytokine nework 
that orchestrates non-specific and specific immune reac- 
tiox\s, and causes dear CNS^ediated efiiects, such as 
fever, sleep, activaUon of the hypothalamk-pltuitaiy- 
adrenal (HRA) aadS/axid anorexia.' All these dumges are 
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beneficial for the ctganism in the acute phase of an 
immune reactioa^ Long-tenn anorexia, however, com*- 
promises host defense and i$ xxltimately deleterious. 
Although various cytokines use different transduction 
mechanisms, many of them have overlapping actions. In 
addition co their well-kaown immvme functions, 
cytokines are increasing^ recognized as fundamental 
regulators of metabolism and energy balance. Several 
cytokines, including IL-1, IL-2, 11-6, IL-8, TNFa and 
Interferon^, inhibit feeding after peripheral or centra] 
administration (see ie£ 3 for review), sugg^stiQg that 
their exihanced production contributes to anorexia in dis- 
ease. Ihis review will {ocus on IL-l and TNFa because 
they have the most pronounced effect on feeding. After a 
brief description of some general feamres of a-1 and 
TNFa and their anoiecdc efiect^ we will discuss the 
potential sites and mechanisms of their actioa We vnSL 
then consider possible functions of these cytotdnes in 
normal feeding and body weight regulatloa 
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CYTOKINB SYSTEMS 

ThelL'l system^ consists of (fa£ biologically acdveXI^^ 

ILrlp, the natuiaOy ocxnirrmg Ilrl receptor antago- 
nisi QlrlKal the type I IL-i receptor (IHR^ that is 
responsible for signaling, and die type n IL-1 receptor 
(IL-IRII) that inhibits H-l by acting as a decoy surface 
molecule. The system is completed by the IH receptor 
accessoiy protein (IL-IR AcT), which increases the biiui- 
li^afBniijroflL-J IbrlL-lRlandby sohjblefimsofIL** 
IKL, IL^liai and IL-IR AcP. The biological efiE^ of 11.-1 
include immune (T- and B-ceO activation, lytnpholdne 
gene expression, etc) and pro-inflaimnatoty (fisver, sleep, 
endothelial cdl acttvaeion, neutrophilia, cydoosygeoase 
and lipoxygenase gerte expression, beta isJei QaotOXlcS^, 
etc) properties, as well as protective effiects. 

Ihe TNFa system includes two types of receptors 
wfaidi are thought to elicit dtsdnct responses and also 
eadst in soluble fcnns.' TNFa is also a plciotropk 
cytoldne that has many inmiunc and pro-inSiajmnatoiy 
functions and profiound metabolic eOects. As with the IL- 
1 system, the bsotagica] actfvi^ of endogenous TNFd 
depends on the bailee between iNFa and cell surface 
and sohiUe TNFa receptors. 

Mice genetically deficient in a particular cytoidne or 
cytoVine recqptor display altered reaction patterns for 
feve^ increases in cytokine mRNA leveb, and serum corti* 
costerone.^ reflecting the Icey role of cytolcines in these 
functions. In contiast, the anorexia In response to 
immune stimulation is usual^ tmaltcred in genetically 
cytoldne or cytokine receptor-deficient mice. For exam- 
ple^ bactetial Hpppofysacchande (LP^, which is often used 
to model infection, reduces food intake similar^ after par- 
enteral administxation in mice genetically defideru in 
either ILrip or TNFu or their receptors,""*^ On the other 
hand, rats made tolerant to the anorectic effect of 
intxapezitoncaQy (IF) injected TNFa did not reduce food 
intake in response to IP IP^*^ suggestii^ that endotge* 
nous TNFq plB^ a role in mediating IPS anoresia. 
Moreover, the phosphodiesterase inhibitor pentoxifyQine 
attenuated the increases in circidattng cytokines Qn par- 
ticular INFu ) as wen as the anorexia ixsduced by LPS.>' 
Odier studies implicate Ilrip and/or IIhS in various mod- 
els of anorezia.^^' Thus, interleukixu» and TNIti play a 
prominent role in the anorexia during diseases, and this 
role becomes evident vriien cytokines or their actions am 
acutely antagonized On the other hand, adaptive and 
compensatory medianisms throvi^ghout development 
obviously Itmti the link between the knodu»it gene prod- 
uct and anorexia in mice ladcii^ a particular cytokine or 
a cytokine receptor. This is presumabllj^ related to the 
redundancy^" and synergistic interactions of cytokines, 
which are also observed with respect to the anorexia after 
peripheral and central administration.^^' 



PDOD INTAKE SUPPRESSION BY 

nnrBRLBUkiNs and mpa 

General eonaideraUonft 

Ihe magnimde of the food intake suppression by 
cytokines depends on the type of the cytddne, the route 
of administratis, and the administered dose. Ihe 
anorectic effect of H-t and TNpu is specific because it is 
blocked by cytokir^ receptor antagonists or antibod- 
i^\7izj3 independent of the reduction in water 
intake,^^-'^ fevers and sleep-promoting effects of these 
cytokines (see re& 22, 25). Further, although taste aver- 
sions can be produced (qr peripheral adi^nislratioa of 
h^ doses of cytokineis, they do not play a major role in 
IL-ip and TNFn-induced anorexia.^^ In a macronutzi- 
ent choice situatioi], cytokines spedficaDly reduce protein 
Intake.^ FinaQy, some studies suggest thai cytoUne- 
induced anorexia depends on the energy state of the 
body.^^ Ihus, IL-l or eiq>crimenta! inflammation &iled 
to reduce food Intake in rats after prior body weight 
reduction, and all rats achierved th« same level of body 
weight independent of test onset bot^y weight- Based on 
ftesc data, the authors proposed that cytokines may 
cause a temporary reduction in body w^ght set point 
that is spontaneotisb^ maintained by reduced feedirvj.'^ 

Chronic peripheral administration of Erl and INFa is 
often accompanied by tolerance to Aeir anorectic elEects 
(&g. rcfs 12, 30, 32, 33). Yet, tolerance is not observed 
with continuous intracerebroventricular (JOt) infiisiiHi 
of EL-ip" or with repetitive IP ir^ectlons of Ilrlp, given 
when the anorectic cfTea of tl^ previous injection has 
subsided'^^ In the latter situation scnsitizatioa occurs, le, 
the anorectic effect of IL-ip is enhanced This is interest- 
ing because cytoktoes may be rdeased In a cydlc fashion 
during several diseases. 

Food intake is reduced afrer ICV admfnistcation of 
cytokines at doses in the picogram-nanpgram rai^e that 
yield pathophysiologically relevam concentratkms in the 
CSF."*^ Much higher doses have to be administered 
perlphecaliy to reduce food intake. This indicates that 
centrally administered cytokines inhibit feeding fay a 
direa action in the brain. Overproduction of cyioUnes in 
the brain may contribute to the anorexia during some 
diseases that spedftcaDy taiiget the CNS.^ A role of 
central cytokine aaion has also been suggested for Ae 
anorexia in response to acute coUtis induced by rectal 
administretion of trinitrobetizencsulfonic acid in the rat, 
Tvhere ICV administiaticm of XL^lRa attenuated the 
accompanying inhibition of feeding**^ In another study,!* 
intm-VMH injection of ZL-lRa improved food intake in 
anc»ectic tumo^beariflg lats, suggestir^ that ceotrelly 
acting ILrl contributes also to cancer anorexia. Tfct, 
exogenous cytokines have different effects on meal 
patterns after perij^teral and central administration: 
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whereas ICV adtninlstered cytokfaies reduce food intake 
by primarily reducing meal sise/^ IP injected IL-ip and 
TNTa hayt been shown ro aOea xneal size and meal fre- 
quency;^-'^ and IP injected LPS $e|ectivdy reduces meal 
frequency.*' Moreover, IL-ip-conveiting enzyme-deS- 
dent mice reas! the anorecdc effect of iCV, but not IP 
administered LPS/^ suggesting that IL-lp is crudal for 
the anorectic effect of centraJt but not petlplieial IPS, tn 
line wiih these findings, ICV administration of IL-IRb 
inhibited the eflfea of ICV injeaed LPS, but failed to 
attenuate the food intake suppressive effects of IP LPS 
injection.'' Finally, repetitive ICV TNPct pretreatment 
failed to pr«vem tCV IPS anoreada^ Indicating that, in 
contrast to peripheral LPS's anorectic effect,'^ the central 
anorectic eEfea of IPS does not depend on WFo-medS- 
ated patfawaysL 

ta sufflj central and per^heial immime stimulatioQ 
appear to reduce food intake through activation of differ- 
em mechanisms, si^ggesting diat central cytokine adminis- 
tration does not necessarily reflea the pathophysiological 



mediardsms relevaru bt systemic diseases. This does not 
mean that activation of central cytokine ^ems is not 
invohred in the anotezia induced by peripheral immune 
stimulation; radierthe mode and pattern of acttvatkmmay 
be difletent, or concomitant changes in peripheral Input 
may be crucial to shape the ultimate feeding response. 

PefiptMral cytokbios In snorayta 

During most infectious diseases and in response to other 
challenges of the immune system, interleukins and TNFa 
are maihly produced in the per^hery. To inhibit feeAi^ 
these cytokines or mediator(s) or signal(s} derived fh>m 
their peripheral action(s) must somehow influence the 
brain droiitiy that conuols food intake. C-fos studies 
have shown that peripheral administration of cytokxnes 
activates several CNS regions that are involved tn the 
control of eating,"!^ but the medianisms of this aaivation 
and how this leads to anorexia are tmclean Humoral and 
neural padiways are probably invdved ^ I). 



Anoreida 



Humoral 
pathway 



Neural 
pathway 
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Immtme stimulatimi 

R0. t Possible pathways for the inhibition of leedfng by cytokines In response to peripheral immune stimulation. B8B: blood br^ barrier; 
CCK: choleeyetokmh: EC: endothdial ceHs. Increases (t) ^ turnover or aotivhy of serotonm (5-HT)» a-mlanocyte Btbruitailno homiona 
(ftMSHK Wstanrino and cortteotropin releasing factor (CRF)» ^ 
neurochemical cnediailon of me inhlbiton of feeding cytokms. See tsxt tor lUrther detaKa. 
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Medbtkm by visoaral afferenl nerves 

Localized peripheral cytokine productioxv whidi does not 
increase drciilatii:)g cytokine levels, phys a role in several 
imnmrie Functfons.^ Iiiterleukins and TNT^ w rckased 
localty f/oy tissue maaaphg^, endothelial ceOs, tK), at 
the site of Unioune stimulation,^* and may activate nearby 
sensoiy afferent fibeis {p^ 1). Sutxilaphragmatic v^gal 
afiEntnt fibers in tats are responsive to peripheral IL-lp. 
Intravenous (IV) infection <rf tL-ip increased muhiunit 
activity in the distal cut segment oT gastric branch vagal 
afferent fibers,*^ and ii^ection of IL-lp tnio the hepatic por- 
tal vein dos^Hlepcnden^ increased nmhiunit activity in 
hepatic branch vagal afEsreni fibers.^ 

Subdiaphragmatic vagoton^ has been reported to 
attenuate or blodc a variety of bi4unrioEal and neural 
effects induced by peripheral admintsttation of 11^-1 P or 
LPS, including CNS cfos czpressicHi,^ c-lbs induction in 
the nodose ganglion,^ induction of iLrl mRNA in hypo- 
thatamus, hippocampus and brainstem,^'^*' revei;^^ and 
increases m plasma ACTH^ and conicostenn)e.>^ 
Purthermore, subdiaphragmatic vagotonqr attenuated the 
conditioned taste avcrsioiv'^ depression of social cseplo* 
ration,"^ hyperthemia," and hyperalgesia^ induced by 
peripheral administration of IL-lp andLK. 

A role for the afferent yagas neire in the inhibition of 
food intake by tlrlp has been suggested because subdi- 
aphragmatic vagotomy attenuated IP IL-l|M&duced sup- 
jmsdoQ of instrumental responses to obtain fi>od In 
mice.^ Subdiaphragmatic vagptoxny, however, did not 
block the t&cts of subcutaneously or IV administered iL- 
ip,** and in moie recent studies, systemic c^saictn pre- 
treatmeni failed to block the effects of IP administered 
IL-lp and LPs on food-motivated behavior.'* In our 
hands, IP injected IL-I^ and LPS sUD reduced food intake 
after subdiaphragmatic vagal deofferentation as potentlsr 
as in shaoKsperated ratfi."^ itierefore, subdiaphragmftdc 
vagal afferent fibers, de^te their putative role in medlar 
tion of other immune reactions (see above), are not neces- 
sary for the anorectic efltos ofpeifpheral IL-ip and IP& 

Non-vag^l, splandmic afferent pathvrays have also 
been implicated in $evera) immune responses*** Yet, 
sufgical transection of die celiac/supenor mesenteric 
ganglion complex failed to attenuate tPS-induoed hyper^ 
algesia.^ We observed that cdiac-supctlor mesenteric 
gangjionectomy, alone and bi cotnbination with subdi- 
aphr£^g0)dtic vagal deafferenution^ did not alter the 
anorexia after IP bjectkm of LPS and IL^ip.'^* Thus, vis- 
ceral afferent nerves are not necessary for the anorectic 
effects of IP injected IPS and llrlp. 

Humoral madlotien by choleeystokinln 

Cytokfne-induced suppression of food intake couki 
resuh from an enhancement of direct controb of meals 



8i9e.^ cytokines induce the production and release of 
hormones such as choIecysioWnin (CCK) (Hg. 1). 
bitravenous injection of IL-Ip increased plasma CCR^> 
and enhanced the CCR^^induced increase in afifimnt 
vagal activity."* I'urthcrmorc, the Increase in aflietent 
vagal activity by It-tp was significant^ reduced in ani^ 
mals pretreated with a CCK^-receptor antagonist in one 
study,'** pretreatmcnt with the GCK^^reoeptor antj^goidst 
1364,718 partially bkxiced the decrease in food intake 
and emptying of gastric contents Induced by n^ip ; dixs 
suggests that iL'l-induced anorexia may also be medi- 
ated, in part, by perif^eral CCK^-reccpton. 

It should be noted, however, diat peripherally adminis- 
tered cytokines and CCK have di&rent efiects on meal pat- 
terns, and that the satiati]>g effect of CCR, unlike that of 
ILrl is attenuated fay subdiaphragmatic vagal deaBerem^ 
tion.*^^ Ihevefoxe;, aldiougb CCK may conuflnite to the 
fcedihg-suppresslve cifccts <rf IL-1, it is not the onty media- 
tor. It is unknown whether other satiating g^t peptides pby 
a role in cytokin^induoed suppresskm of bod intake. 

Humoral mediation by teptin 

Inttrieukins and TMFa may also reduce food intake by 
releasing the OB protein (leptin) from adipose tissue ^ 1). 
llrlf^ and ITTTti markedly increa^ leptin expression In 
adipocytes.<^ At least for TNFa diis seems to be a post> 
translatk>nal cQect.'*^ A dose correlation benveen cytokinc- 
induced \cpdn expression^ or serum Iqnin levds^ and 
food intake reduction has been observed. Findings of an 
increased and decreased responsiveness to the anorectic 
effect of injection of LPS in leptixhdeficiem {obfo^ and lep^ 
tin recepior-KleBdcnt [ibfcO^ mice, respecttvdy,'^ suggest 
that leptin is not ^sentia! Ib^ Init contributes to IPS- 
induced anorexia in this species. We could not detect a dlF- 
fereiitial effect of IP Injected ILrl$ and IPS on food intake 
in lean ( As^ and obese \fa/fii^ Zucker rats, which have only 
some functional leptin receptors. At 3 h after IP IL-1^ 6 
}ig/kg) injectioi^ obese and lean rats ate 63% and 64% of 
vehicle-injected contitd cats' intakes. Food intake at 12 h 
after IP IPS (100 (ig/kg) injecdon was 69% and 77% ofconr 
trol intakes for obese and lean Zudcer rats, respeoivdy 
(Lugaiini et aL, unpubMied). In contrast, the anorecUc 
effi^ of systemic TKPce was enhanced in obese Zucker lats 
in a previous study by others.'^ Tbgethe^ these results sug- 
gest that IP injected nj-l|( and IMFo reduce food intake 
dirmigh activation of difaemtncchanisms Lq^andlep- 
tin receptors may be somehow I tn^dvedi but are not neces- 
sary for the anoreadainduired by systemic IlrZp andTNFu. 

Central action ol olreulating eytofdnes 

IL-IP and TNFo circulating in the Mood may reduce 
food intake by acting at CNS sites direafy (Pig. 1). It has 
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been shown that cytokines can ttBdh CNS cytokine 
receptoii through active or passive transport xuecha- 
itons"^ or thrt>ugh dfomwentricular organs, or they 
may act through cytoWne lecepiois on the surface of 
endothelial celb of the bialn vasculature and trigger 
the release of subsequent messengers, such as 
elcosanoids."-'' Mediators from peitvascukr mlcrogHa 
may also be invohed'* Moreover cytokines may pro- 
mote their own uptake into the brain because they 
increase blood-brain barrier penneabOity,^ 

The aniemventral region of the third ventride (AV3V) 
that includes the oigamim vasculosum lamfaute temrf- 
nalls has been suggested to be a primary sice of IH 
action in the brain, because electrolytic lesions of the 
AV3V in various anipud spedes decrease the febrfle and 
plasma ACm responses to systemic administration of ZL- 
w Moreover; neurons In the AV3V region that send 
axons to hypothalamic nudei are responsive to systemi- 
cally adipinisiered Jl^}^79 but so far the possible role of 
the AV3V and its hypothalamic projections in the anotec- 
Uc eBect of cytokines has not been ctnical^ examined. 

The area posirema (AP) is another site where cytokines 
might gain access to brain circuitries invoked in feediQg 
control Yet, lesions of the AF and the adjacent part of the 
nudeus of the solitary tract (AP/NSl) did not diange the 
anorecdc effects of IP administered tt-jp 2^ or TNFd« 
These findings argue against a crucial rote of die AP in 
systemic cytokine-lnduced anorexia. 

Hie temporal and spatial patterns of c-fos mRNA 
appearance in response to intravenous (IV) injection of 
IL- 1 p suppon the view that Uood-brain barrier endothe- 
lial cells pUqr a role in the eSkts of circulating cytoWnes 
on CNS neurons,'" Tl)e cytoWne-induced production and 
release of eicosanoids by endothelial ceDs*' is inteiestmg 
because the anorectic effects of IL-1 p and LPS have been 
shown to be attenuated by inhibiiars of eicosanoid 
thesls,^' NO also plays an imporxanr role in endothelial 
ceB junction during infections" but Aether NO is 
invoked in the anorexia during immime stimulation is 
unknown. 



Centra! eytoMnes 

In addition to a central action of systemicalbr pttnluced 
taterieuklns and TNFa, de novo Q(S cytokine synthesis, 
which has been described in various brain areas relevant 
to feeding control, may be involved in the anorectk: 
effect of per^heral immune stimulation, in situ hybrldi- 
zatioa immunohistocfaemistzy, RNase protection and 
reverse transcriptase ?Ck snjdles show that IL-ip and 
TNFa mRNA, protein and their receptors are present hi 
several brain regions, including the hypothalamus, and 
are induced fay systemic imimine stimtilatlon.''^ The 
Situation is cconplicated, however, because peripheral 
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immune stteiulation can aflect brain cytokine and 
cytokine receptor expression diflferenilally, to, while local 
IL-1 synthesis is increased, IL-1 receptor oppression may 
be decreased by peripheral LPS.«« Moreover, in a receni 
study, IP injection of suhseptic doses of IPS induced IL- 
Ip and TNFa mRKA espxession only m the diotoid 
plexus» the circuimrentrlcular organs and the m«Ungefi,*» 
Thus, the role of CNS cytokine or cytokine receptor 
thcsis in the anorectic response lo peripheral Immune 
stimulation is uncertain. 

Some studies found enhanced anorectic effects of ICV 
administered IHp orlL-ip plus TNFa in obese 
Zucker rats."'' This enhanced sensiUvlty did not depend 
on changes In the brain iL-ip system at the mRNA 
level^ The respcmse to ICV lL-6 was also different, 
whereas ICV TNFo had the same effea on food intake fio 
obese and lean tucker rats. Ihe reasons for this differeiih 
Hal reqionsiveness are unknovm. Obese and lean rat 
brains lasy have distinct binding, degrading capacity, 
dearance atid/or uptake for diSevcnt cytokines. 

CENTRAL NEUROCHEMICAL MEDIATION 

Independent of the peripheraI*to-cenrral commimicatim 
and the Involvement of central cytoiklnes^ the anoresia 
induced fay tnterleuldns and TNFa nmsi ultimate^ result 
from eftcts on the CNS mechanisms that control food 
intake. Some data suggest that cytokines act directly on 
hypothalamic neurons that are implicated in the control 
of food Intake. Direct applfcaiton of Ilrlf^ and TNPo 
exdted the fio<alled glucoreceptcn- neurons in the ven- 
tromedial hypothalamus (VMH) and suppressed the 
actlviqr of the ghicosensittve neurons in the lateral J^ypo- 
thalamus (see ref. 22). JL-lfL may also affect neuronal 
excitability through an inhibition of voltage-gated Ca^ 
dumnels, an e&a that has been diown in hippocampal 
and hypothalamic neucons,^*^ 

Increases in seiotonetglc activity or stimulation of 
postsynaptic serotonetglc receptors decreases and antag- 
onism of serotonin (MH) increases ibod intake (see ref. 
93 for review). It is possible that central 5-HT contributes 
to IL-Hnduced anorexia because both centrally and 
peripherally administered IL-lp activate central seroton- 
ergic aciiviiywjw and because the effect of IHP on 5-OT 
turnover can be blocked by prior adminisirailcm of It- 
IRa.^ In our hands, several compounds that reduce 5- 
HT synthesis or transmission ^Kihloxophenylalanine, 
inetergolxne, and 8-0H<DPAT) were able to h\o<k or 
attenuate the anorectic efba of IP LPS administration 
(Rrupka et aL, ur^mbllshed). iriiectlon of the 5*HT recep* 
tor antagoisisi mianserin into the VMH also attenuated 
the food intake reduction in tumo^beartng rats,^ indi- 
cating that centml may be involved m tumor 
anorexia. The efGxt of central 5-HT anti^gonism on ihe 
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feedlDg ^pptesdve effects of peripherally administeted 
cytokines remains to be tested. 

While the main role oT coriicotiopin rekastng laetor 
(CRF) is to stimulate secretion of ACTH and otfier proc^ 
iamelanocordn products from the pituhaiy gland, Ix also 
ceduoes food intake.^ Peripheral injection of TL-lf 
Increases hypothalamic CRF mRNAPS and IL-lp-induced 
anoneada Is attenuated hs ICV admlnlsttatson of a CUP 
antagonist^ Thus, CRF is apparently involved in Ae 
neurodiemical mediation of li-lf^induced anorexia. 

Histamine is also implicated in the neurochemical con- 
trol of food intake.^ tmrapexitoned ILrlp injecdon 
increased hypothalamic histamine turnover and the activ- 
ity of histidlne dccatfoogcyfase and histamine- 
N-methyltransferase. In addition, depletion of neuconal 
histamine induced by IF lzi|ection of alpha^fluoro- 
metfaiylhisddine attenuated the suppressive ef&a of 
on food intake/'" suggesting that stimulation of a hzsmain- 
ergic mechanism contributes to IL-lp-induced anorexia, 

Alpha-melanocyte stimulating hormone (oMSH) is 
another impoitant central inhibitor of food ixnake 
(reviewed by Thtos and Maratos-FUer in this issue) that 
may be involved in to production of anorexia by 
cytokines. Intraceiebroventricnlaz administration of 
oMSH enhanced IPS-induced anorexia in rats;^ whereas 
administration of the MC3/MC4 receptor antc^gonist 
SHU9] 19 attenuated it 

Neuropeptide Y (NPY) is die most potent knom stimu- 
lator of feeding behavior"' ^sec review by Gehlert in this 
Issue). IntracerebroventiiculaEly infused IL-lf^ has been 
shorni to cause a sxaall (18%), but significant reduction 
in hypothalamk NPY mRNA levels/^ and ICV injections 
of NFV can prevent or reverse ICV IL-lp-induced 
anoresda.'^ Anorectic tumot^bearing rats have decreased 
FVN NFY levels, increased ARC NPY levels/*** decreased 
NPY release and eat less than controls after exogenous 
ICV NFY administration.^ These findings surest an 
antagonistic interaction between IL-1 and NPY, and that 
the feeding suppressive effects of D.^]p and tumors are in 
part due to a modulation of NFYergk medianisms. 

PfTERLCUKINS AND TMru IN NOHMAt 
PECDINQ AND BODY WCIQHT REGULATION 

In addition to orchestrating the immune response during 
diseases and« as part of this, inhibiting food Intake, 
cytokines mi^t also play a role in the control of normal 
feeding Stsb^antial amounts of cytokines are produced 
in the gut,'^ and food intake represents a high intestinal 
antigen exposure requiring host defense. Besides local 
immune activatioa this defense may indude a coordi^ 
nated systemic immune itsponst, A high-protein meal 
did not 9lkcx the in vUro production or plasma levels of 
IL-ip and TNF<(. but it decreased the plasma level of 



interferon^'**' it also increased the numbers of neth 
trophits in the blood and decreased monocyte and lym- 
phocyte counts, presumably reflecting emignnion of 
Aese ceOs into extmvascidar lymphdd tissues. Very 
likely ib\s results In an enhanced local production of 
proinflammatory cytokines, which coixld well be 
involved in limiting the antigenic Impacf, i.e. in inhifait- 
ing further ix^gestion, as part of their defense function. A 
role of IL-ip in normal food intake control is also sug- 
gested by recent findings of an increase in Urip mRNA 
esqsression in rat bver and hypothalamus in response to 
cafeteria diet feeding.i<>" Gafetefla diet feedb^ also 
decreased the IL-IR AC? levels in liver and brain stem, 
suggesting that eating has profound modubciog efiecis 
on the Orl system. 

INFq production in adipose tissue is increased In 
obese humans*^*"" and rodents.^^*^tn Adipose tissue 
TNFa acdvity increased in mature animals in relation to 
adipose cell size,*'' and with a hij^iat diet*'' AdiposiQr 
is abo associated wtd) increased basd plasma levels i& 
TNFo.*!^ TNFo ir^hibits lipoprotein lipase activity, 
increases lipo^ysls In adipose tissue/ and decreases 
insulin receptor tyrosine kinase activl^. TNFa mRNA 
eaqpression in adipose tissue is related lo the degree of 
hyperlnsuBnemta.**^ It is proposed diat reduced insu&n 
receptor tyrosine kinase activity by TNFa causes insulin 
resistance and type D diabetes in obesity.^^^ Genetically 
TNFu deficient mice had significantly improved insulin 
sensitivity m both diet-induced obesity and in the oUob 
model of obesity.' Fmally, we recently observed that 
rats genetically deficient in TNFa and TN^) or in any one 
of (he two TNF receptors ate consistently more than 
wfld-^nP^ connols. Moreover, on a highpfot diet, the 
TNFa and the TNF receptor 2-defident mice gained sub- 
stantially mote vi^eight than on normal lab diow, whereas 
the \vild-type controls did not Olrupika et al, unpub- 
lished). Although sUn pteiiminary, these results inight 
reflect a role of endogenous TNFa in the long-term rcgo- 
latiot) of food intake and body weight. Interestingly, 
marked drcadian vaxiations of bioactive TNFa with the 
highest levels at h^t onset, when feedir^ is usuaQy taw, 
have been found in rat hypothalamus, hippocampus, and 
cerebml cortex.*"* 

SUMMARY AND IMPUCATIONS 

It Is dear that cytokines, in particular mterleukins and 
TNfn, play a nia^or role in the anoreada during many dis- 
eases. The mechanisms of cytokine-iriduced anorexia are 
not yet fully understood, but are presumably based on 
interactions between various cytokines and in port 
between cytokines and other humoral mediators (e^ 
leptin and CCK), Moreover; as cytokines are mainly pn>- 
duced in the periphery, whereas anorexia results from a 
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modulation of the cenixal neurocfaemical systems that 
control food intake, petlphetaDy produced cytokines may 
inhibit feeding fndirecf)y thuov^ pathways actlvaied Tyy 
their peripheral actions lUs complez necwoifc is even 
more complicated because the Imeractions between dse 
immune and nervous systems are bidirectionaL******* 

lb counteraa the anoreada during disease therapeuti- 
cally, it is necessaiy to understand its medbanisms. So Ear, 
the anorectk: effects of csrtokines were mainly Investi- 
gated In animals fed standard laboratory diow. A selec- 
tive suppression of protein intake by cytokines was 
obsezved in a macronutiiem choice situation.^ Whether 
a selective increase in fat and/or cazbohydiate content of 
the diet might prevent the anorexia during disease is 
questionable, howevei; because the selection behavior in 
a nutrient dioice situation is of limited predicUve value 
for energy intake in general bi our hands, LPS reduced 
food intake similarly in rats adapted to equienetgetic 
high fat and high caibohydrate diets.' 

Ihe attenuation of !L*l-induced anorexia by inhibltfts 
of eicosanoid synthesis may open the possibility of a nuttf- 
tional inietventioa cir3 polymisaturated fatQr acids infii^ 
etice eicosanoid production and may aa as potentiail 
immunosuppressants (e^ rel 12 1). peeding rats a diet high 
in fish o2 in {act attemiared the anorectic effens of IL^lp^ 
and TN^^'^ Ye^ a dietaiy intervention with polyunsatu^ 
rated ietty adds in cyiokine-induced anorexia will proba- 
Ujy be diScuK because dlfikrent elSecis of polyunsatuxattd 
feny adds on cytokine production are observed dependent 
on the expcrfmcntal cotiditions (see ref. 22). 

Atienqpts to block the anorexia during disease by tar- 
geting ^ecific cytokines have yielded m^Kd results. Ihis 
is not surprising g^n the complex interactioDs and 
mechanisms of action described above. Ihe difficulty in 
determiniziig the r^t time of application and the appto^ 
priate dose of a potential cytokine antagonist probob^ 
also contribute to some of the negative results. Te^ imeiv 
leukins and TNFo ultimate^ suppress feeding by modu- 
lating several netuocheznical systems that OMitroI food 
intate. Blodcing this central neurochensical mediation 
may be the most promisfaig approach to counteraa 
cytokine-fnduced anorexia therapeuticalb^ because it is 
presumably the nxost efficient strategy and does not caxty 
the risk of antagonizing potentially beneficial peripheral 
effects of cyiokfaies, e,g. during severe cancer anorexia. 

Finally* increasing evidence Indicates that interleuklris 
and TNFa play a role in the conuol of adiposity and 
enefgy balancep and a detailed analysis of this pos^Ulity 
appears to be a promising area for fiiture reseatdL 
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rary weight lo« compUoatitig duordc m^' 
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ako afaquent ce»pUcatloa of these d««^^ a 
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tioo. The normal, adaptive response to savanon 

draw on enetgy^ense liP'^l/^f ^^'^j^^ 
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^LLation of lean tissue. In .""^'"^ «^ 
Lents experience severe and incapacltatmg ™« 
Sw^wi*arelativesparing of adipose tl^^ 

SilSnce lndica« Aai - 
of metabolic dysregulation exists m cach«a^ 
Complex interactions among the nervous. «^o. 

J«Td immune systems determii^ metabolic 
SormaSes in all of jhese sys«ms 
implicated In the multfectortel pad»- 

S^i^Si of cachexia. Although incompletely 
mechanisms are likely to un- 
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human immunodeficiency j^^^velS 

Promising therapeutic interventions '«^°;«^ 
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tTo Aers. This is v-ell illustrated hy 

Uaaon of research efforts 
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wl* advanced HW disease {acquired 
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or iwvc ^ acetact, for example, W m- 

^ megestrol a«ta«^ «vJ«d ^ 
..stotation of adipose bodyj«|gbt. 
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to modify cytoktae responses in human cachexia 
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of petipfeeral Wo^^J;^ ^ ^^^r cytokines. 
In addUi^j to TNF-J, ^^^^^^^^ j;rrf«an- 

MOO Kave now been impucaiea "i ** 

^^STcrf an anticytokiixe approach, 
e^r* j!^e£ no single cytokinejs re- 
. sponsible for aUoto^J'''^ ^ 
„ cachexia. ^^^l^Z^ such as AIDS 

and cancer, the long wi practical 

^^tien. An W«\P^j u ^i^atea. PcntoxyfVl' 
frSdlwe two agents With cytokine 
line and dwUdotrude ^ . invesdeation 

inhibitory propemcs ""^^^J^^^ 
a. thet«.ie» for ^^^^^ "i'^SXncer and 



pCKTOXYFtUJHE 



^ dl~c»d effecBO^«^ ^ ,^ 
^renTnH^-SSlSeSpSS 

that intravenous adtainiW^o^ F^ ^^ 
^ted in a '^^^'^^f^ToSub^ et al» of 

^^i^^^^o^etTed^e^ 

sttatcd in those wiu oakeries with nor- 

the study H°^f^^,f;;S3n increase in 

mal baselme T]^^-«5^jS^ced a greater 

.eU-being, and ^-^^^'^V. of pentoxyf^l' 

d^an 5% wci^t Kf^'^^,;^^! led dve inves- 
line therapy. ThUlatterO^r^cn 

rigawr* to n)eculate that^t^ ^ 
inhibiting factors other ^ m 

Sntrast. arecent doubU-bli^P^«^^ 

^^^[cS^'SS- caS did not sh«^ an 
SitTal^r^bodyv^^^al*^** 
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,tm:ao<aM TMAinwr of anorsxia and cachdoa 

publish«iihcresulBoftwoscudi« choral pen^^ 
Mine treatment of HIV-infected paucn« (400 to 
So mi three times.aday) by mou A. Both studies 
Sd an inhibitory effect on T^?-- no 
effect on body weight or HlV kvek Tole^ce o 
the higher dose itglmen was Umited by frequem 
g:«uoiWstinal side effects «°«bly nauseaand 
vomiting. Similarly, in a pilot snKiy by Uji^n 
ei al," pentoxyfyttine treatment of five p«i«tt 
with AIDS wasting syndrome resulted m TNb-a 
suppression in patients who if elevated TOF^ 
balseUne UvelB. but U had no effea on body weight. 

THAUDOMIDE 

ThalidomldE was originally inuoduccd as a seda- 
tive In the late 1950s. In 1961 the AuBwasbann«i 
from use because of its catastrophic ^^^^^ 
effects. The sctendipltou» recognUum m 19M ^ 
the dramatic antl-lnflammatoiy f^^jf'?^ 
mide in erythema nodosum leprosum(ENL) }^ 
to eflfotts to undMStand the mechanism of action 
and potential applications of Ajs drug in other 
inflammatory disease*. ENL is a deblUtatmg cum- 
neous and systemic reactlon.1 state that cot^l- 
cates the treatment of multibacillary leprosy. This 
poorly understood syndrome is charactemed by to- 
Crnatory sldn oodules, ftvets. weight bss. ^ 
dualglas. iritis, and nephritU. ^^Jj^^^ 
with high leveU of circulatmg TNF^ U was 
observed that the clinical response of ENL to tha- 
lidomide treatment wa$ associated widi a 
tous fall in plasma TNF-a levels." TJ^ findmj 
corresponded wiih those of ^ -'^^'^'''^ 
showed that the dnig is a specific mhibitor of TNF- 
o cwoduciUm by human macrophages. 

Over the last 30 years, several reports have sug- 
gested that the anti-inflammatory bcneto ot tw- 
Udomide may be applicable in a range of disorders. 
ISudlng rheumatoid anhritis, cutaneous lupus 

erythematasus, »d chK^Uc C«f'^«'"'Xt' 
eai.«-'^ More recently, clinical res^rch has^ 



ease. i^ore iw.<:i«.>r. . — vn- 

cused on the inhibitory effect of this dmg onTW- 
a, using it both as an experimental treatment for 
c^chcx^ associated with HIV disease and toben^- 
losU. and as a tool with which to attempt to under- 
stand the .ole of TNF-a in human <»««^ 

Tramontana et aL« in a placebo^onwolW 
^dy, found that thalidomide «»«»««JS:, 
tng/d for 14 days) result«l In slgmficant wel^ 
fflSn (6% increase in body weight v 2% In the 
Jlacebo group) in patients with niberculoals. some 



of whom were co-infected ^th HlV. Thalidomide 
SLtment was associated with -PP«f 
TNF-a production by peripheral blood mononu- 
clear cells, although senna levels <=f ;^^^f>?:l 
(IFN'Y) were increased. Subsequcndy. a doub^fr- 
blind. placebo-contioUed study confirmed the et- 
S 'of thalidomide (200 mg/d ^^^^^^ 
causing weight gain m patients wtth 
ated «»ting. with ox -^^^^"^"^"^^ 
culoris." In the latter study, however, .nhibmon 
!rn4F-« only was found in the subset of pa«ents 
with tuberculosis co-infectlOT, Pf^"^ 
with uncomplicated HiV infection did no ha^ 
Wi TNF-a leveU at baseline. In P^»^fi J'f 
£ findings. Pb-na titers of HIV dec Und in 
Ssponse to thalidomide in Ae f^-^f^^ 
feSed group only. A forther pkcebo-connojed 
SyrfJ^Sldonide (400 mg/d for 12 weeks) to 
pSits with AIDS wasting 
Sight stabiliation in eight nme f^^^ 
aeawd patients compared with two of nine in the 

Tt'Sjit to clucidaud. nature rf ti« 

Zt^l<X> mg/d for H <'av»)5 12 
«abilized HIV-infected patients ^"^J^^ 
Soric metabolic diet.- A mean ir^re^ 
above baseline body weight was observed. 

associated widi a mean ^^f^^^. 
a (P s .02) over the penod of «f f^^/X 
Jting significant net P«>^^\^}^^.^' ' 
S^sitiTww measured by bioelecmc «n^- 
S^analysis. A nend toward fluid retention dm- 
^"thS weekof thaUdomide thetapY^l^ 
K7lcan tissue expansion during the second weelt 
lX^^.XuBh diese changes were not 
StisSKl gnificant. -nvus. thalidomide treat- 

s:::cauid^:ightgair^.d^^^^^ 

r^SS^fdiXmiSf-tmentaUomay 

have appetite-sdmulatlng , 

S thPlatter study, plasma TNF-« tevd8V«« 
not elevated « baseline and were «^ 
by thalidomide treatment. However^^ 
Jsoluble lL-2 receptor i»«^/«?^2caui 
ing the treatment phase. 

^.induced immune »«^^»°"^^^*lSf to 
Sdch demonstrated the efficacy of Aalidomuie in 
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c^mt wid. d«lldomidc.ind«c«i immune 

nowriou. teratogenicity of dUs drug, the 
, wxicitv U »n aconal peripheral neu- 

V^t^ reb Jvelv mtoor problem. alth«.J 
3E»nie a coftcem to cancer patients it- 

J^V^ 5S specifically as Aerapy fox ^ 
Sf caSexi:. However, the di^very of jnoA« 

of thaUdomide. the inhibition ^ 
^fa,« has led w »v«««^*»"^;*^!L^! 



tan. In contrast, studies wiui " .* . * uiv 

^j\at tne ^nuc arid disastrous use m 

oncer patleiiti with chronic nausea. 
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OTHiR ORUOS 

TK»f* have been few odier attempts to phatm*' 

cachexia. A recent pilot 5ti«!y by McMiltt^ ^ 
rfs^^rf combined mege«rol acetate and 4«pfofe 
far Wtiena with Bastrointestir^ cancer 
S st&' weight gay. and a reducnon^ 
Scactivrproieln leveU. M^estrolacetate was 
Je^trat^J to inhibit the P"^"-"^ ^ 
55f« IL-1. and IW by mitogen-soniulawi pe- 
^bkidWnuclear cells in vitro^^ -6' 
^ZSis agent may also act inpanby^^ 

E^cSdne n^spor^es. Suramin an ag^^ 
" ^tZpi of African trypanosomiasis was fbund » 

t;|^e.p«imentalc3nc««Ae«.ma^^^ 

SandS^tbindingoflUtoltsrec^'^ 

SS^.heneiA.rotoxidcyof.uraminw'WUmit 

in a^Ucation in humans. 



CONCLUSIONS 

«pBlno»l ««i»e» rf AIDS " ««■ 



of e»=h«tlr/tumo. ^^"^.^^SL*^ tumor t-. 
skelcul muicle induce, dttoluc c«»»^^ 

« .cavity. l«»»«"°l<*' J*;P^1^ PA « al, CcUuJ« and 

1236. 19BB j^whcP.CWita«A.«l»iDt«si' 
8. 8eh»ndeneL,Vand«nbu«d«^^««^^ ^ 
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Mechanisms of alcoholic 
liver injury 



Samuel W French MDfKCTSC 



SWFreiKKMedaolsiBSclaleohoKcWfcjiin'-CanlCaJtro. 
eaiewii2000|14W):327'332.The«havebcenmmwrMBrec«« 

advmea in die mdetHandlng of ihe mechanisms of alcoholic 
lh-q»di«a«paAc««3»e.U.Endotoxjn.ltiduoedKup<feceDK 
don pbys a rele ta cytoVtoe-iwdtated inflamiwiwiT "^fff "» 

a dm cMiBtatagJ^tobacillns. wWehdoanot produa endo- 
awto. by neomycin antibi«k aierilJM*"^ 

ic- Kuftkt cells, or by looevinit , 

wifli awAoiy or by using turnout iieciwUfoew^^ 

BUee. The feny iNer ccmiponem U iwWy Ae result cif th« nicw- 

oamldc »deiitae dliwcUwide/rwheed nicotUwnide ateUne 
dinodewidcrtdoxAlftcothe reduced «BW by friiaooloodd^ 

gBfiaation of reduced titeoiinaniifc adenine dtaudewMe. jl- 
ihU w cm be blocked by a diet hi^ In wtunmd tfc He- 

! pMocvtk: eriaigemtnt occun d« «o ctWJ-indnccd whibtaon 
; 5Aerfjiqiilrin^«»somepaih«iTrfqrt0P»as^«P^'»"e- 
• ndadon and ihe letmrion of oxidised protein* In hepatocy«»- 
. Thelivcrii3«>«dbyaellaecelUihath3vcbeenac«>.t<dbyin.^ 

flanmaioTV cytDkineB and e»«wA facrois produced by activaiea 
Krt«er cdk, and by Wle dwwJe meopbria. MaDoiy bodi« «^ 
bXo« cett degcneraifan (fcveUv Arou^ Ae cdiai»l-b^^ 

oxidacive ttiessiaotehildnaae acttvudoei jaAwK. teha»iiton ot 
phosphatase acdvJty Mid Jnhibitleo of d«'lb^uW^1>I«^^ 

padiway. 



■ TWess In undefstanding how eihaool cause* Uverimi' 
1 a«e has been made possible dutw* die use of rodetu 
modZ of alcoholic liver disease (ALD). Isolation of byei 
cellular consiJtuenB In culture and d>e use of awwe knock- 
out modebhavt fimherfbcused inveaSgations ofth? tnecha- 
nisin involved. The loles of inflammatory cytoldnes md 
chemokines. as well a$ of growth fanoi» have been further 



Micanismes d'apparitioa des UsSami 
h^padques dues a Palcool 

p,4ewk«-dc»n»canb«aaebpadioraib*d-SrteBlcorflq»L^^ 
,U.n<to ecllutede Kup6f«r. tfori8lM«i«l«orf^ 

e^<meon«««d«Wtol«lUu^qalnep»d-s=«P«d^^ 
. :b «4rtlbsdon i r.n««fa i b niomicliie. Pilimi^ 
K^*e., ou «ne«c pB-lielimli-rion d« fewir^ 
a«*» » ralde i1rttieMI» ou ruflltotton do 6«ru.^ * 
ta«*;*de«»»i».l^«t&r«Wpatl,*ieu^^ 
dcI'ortdoi6hicilondoi»c«inBm1<fc«diiiifi»dli^^ 

„udcad«mn.duH«licdd.rtfnfcpiirra^tl<«der^^ 
p,<«s„pd«,t.ki».=UtaeMc»rfpa.«nr«gl«nd^^ 

e««bsmiqii« « 4 U raiaiflca de» p»«finc. 

L'«^»»Kion * b ptttfine^ldnajt «»oeife w saa. wcydatlf * 
nnhiWtto de r»c^« 4: la pbofW « iTrfAU™ 

{bgllcnbtalct de b foodueden da «Cipi de t^Uerr- 



defined (RgUTe 1). Progress In undemanding die role of 
metabolic changes ai>d consequences of oridant snMitas 
tevoled new crocepis regadtag Uver ii^uty and subsequent 
Bbtosls and cinhosis In ahimal models. The mecfaj^B of 
hepaiDcellularsweUing. cytokeiBtto aggregation(te^ltoiT 
bodies IMBsl) and apoptosis are better understood. This 
piocres is the subjeci of d»e pesent review. 



i 1 



Amnte, S^tember 10, 1998 _ 
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Haw U Sdieniaifc jepiww<>«i« ^ 

■ ' ! 

Tlic role of the Kupffier cell as the primary ttrget of edl«- 
twIUver damage hasbceneummaifcedindepA by l^dsU^ 
andnwsftistievealedwdidie obsetvaitonbyNamjUtal 
that endotoxin lewU >we« efcvated In ihc Woodof latsfed 
ethsmol toragastrically for one » wo mowhs-lbey noted* 
dgniftcant coneladon bcnwen endoroxtn (Ilpopolyraccba- 
ride PSl) levels and ihe sevetky of Ae liver pa*ology 
(AID) Aat induced fatty changB awl «*U necKM^ 
Nanil « al (3) showed aibsequendy, using Ac same mod^U 
duK replacing gut bacreria ^ baobacillus, which do not 
rrfoduce endotoxemla. pitvcnttd the developroeiitof ALD 
paiobgy. This has been oon&med by redudngpS ta *e 
blood by feeding the rats neomycin lo stcrilfce the g«i W- 
The significance of Ah observation became apparcM vhw 
It vm shown. «t* Ae use of the same rat model, that <i>e 
liver pathology caused by ethand feeding was laigcly pn- 
ventrf by eliminirii^ the Kupffcr celb *1* gadollniuin 
chloride treatment (5). Because Kupfftr cells are actiy^ 
by LPS 10 piwduce a large number of inflammatory cytokines 
and bloacdve. potentially hepatotoxic subsancw. it 
reasonable to «Bfea this cell as the central mediator of 

^e of the candidate cytokines produced l^'Kupflferalls 
in lesponse to IJS is nnnour necro* tsaor-alpha (TOFOI 
This cytokine b elcvaced In the blood cS patients with ALD. 
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as is LPS (6,7). and ptobably accounts tor the anorexia that 
these patienis experience. Nanji etal(8) repotted that lirns 
fom rats with experinisntal ALD showed increased TNFa 

mRN A expression. KupfFet cells isolated from 4e tat modd 
showed increased gpne expression rfTNFcu^tocedwl^ UW 
^ and tiansfbminE growth factor-beta (TGFp) tofa«, 
antibodies ID TNFo attenuated the ALD pathology (10,11). 
funhcr subsiantiacing that KupEfer ceU ovetptoduetioo of 
TNFa is an important stq» in die development of ALD. 

Of couisc. Kupfifer cell acilvanon by.LPS and e&anol 
leads to increased secretion of cytokines 0^1, -6 
TGFP and die chemokines chenioklne cytokineAiduceS 
neutrophil chemoatoactant. macrophage inflamMtay pro- 
tein (MIP). monocyte tliemoattractant protein-U W-f - W. 
platelet-acdvatlng factor and insulin-like growth faaor 1 
(lGF-1), through die acth«ion of nudear factor 
(NFkB) transcription (1). Oxidative Stress activates NficR 
leading to the induction of inducible nitric oxide symhase 
and nitric oxide generation (1 ). Throu* die CD14. nrcep- 
toT LPS activates phospholipase C and protein kinase C 
iEKCiinii^ Kjupff" «11 <1^'' inae"« cytosolic calaum 
mSi^)^ reduced nicotinamide adenine dinucleod^ 
phosphate oxidase generation of superoxide (1). The LPS- 
CDH response is augmented by die liver ceB leleaae of 
LPS-binding taotern; an acute pliase response piDseln stamt- 
la«d by . IL-6, produced by the Kup&c ceD. 
CycloK>xyge;iase;?^i$ liiduced in die Kupflfer ccUs. whtth 
leLis to an increase in thromboxane A2.apoteotap)rust for 

Constriction, daombosis. ischemic nea«b and Ixto- 
: n^onin die ^ (13). This is augm«i«d by 
phosphoUpasc A. generation of arachSdooic acid (13). PKC 
U ato aaivated by oxidative stress; which acd^it^ ty^ 
kinase and die mitogen-activated protein (MAP) kin^ 
cascade; Bodi the increase In cytosolic caldum and^d^ 
MAP kinase cawside increase phosphoUpase A2. whidi 
probably accounts for die actb«rion and sen^tiaricaotAe 
LpfeceUtoaugmentftKdier injury causedbyfatdwxch^ 
leties widi edianoLKupffer oelU undergo an acute desensl- 
: tiis^ Softer chaUenge followed by taoeased aensiavhy to 
lechaUenge a few hours later (14). . ^ . . , . 
. Kupffer ceB-a»ediated injury is aii«»llf»ed by cytoklrie. 
mediated inductionof cell adhesion tnolecuks Ctote^^ 
intetcellular adhesloti molecule, vascular cell adheWJn 
molecule. IL:8 and leukomene V J^^^^^' l^!*^ 
cytes and neutrophils ate du» immobilned wldun iig stau- 
»ld. These inflammatoiv fod generate superoxide a^i 
' proteases. Myeloperoxidase generates hypodilorK adO. 
lead'uig to focal damage and hepatocellular neeroals. 
. Active Kupfifer ceUs also release proteases such as uroto' 

nase. which may affect neighbouringhe^tocytes b^M^ 
urokinase activates hepatocyte growdi fecwr «HW to 
^stiimibtehq^ftiocelhilar regeneration. 

Thero are diiee mlriganng circuti««an«s u*^ 
ix«esrion may not activate Kupffer celk For tastance, a hl^ 

• SfSct U r«ii,ed if edianol U ro induce AID Pfo)c^ 
activatir* Kupfier ceU. (15). 1^ WJ.B 
and MlP'l fflRNA exptessioo. Anodier modifier is ttie in 
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Kibitory action of aoecaldehydc Dru£^ cKac block acetalde* 
hyde ddiydrogenase axkd increase the levels of liver tissue 
Bcetaldehyde picvent the ALD patfaolpgy and Kupficr ceQ 
NFicB'activanon (16). A diird fecror Is ihai Increased nojcw 
heme Jron leveb In KupflFer ceUs are critical to etihaxiol acd* 
vadon ofKupfier celb and TNFa expression (15)- The larrer 
cnay be the tnechanism of dnhosis fbnnadon that is ol> 
served in the rat ALO mode! when a snciall amounc of cdp- 
bonyl iron is added to the diet (17)- 

OTgreat imeiesc is ihe mechanism of liver cell necrosis in 
ALD. lo the rac model as well as in human ALD, apoptosxs is 
clearly increased (18J9). The apopcDdc process is short 
lived (3 co5 hXsothephenomerum iseasyto miss. Because 
TNFa can induce apoptosis in viito (20), this may be the 
mechanism in ALD; however, NBcB acdvation prevents 
TNFa'induoed apoptosis. One theory is that glutathiortt de- 
pletion in die mitochondria, which results irom oxidative 
stress in hepaiocytes, leads to membrane pezmeability transit 
cion change, calcium influx iruo the micochondria, mitcv 
chondrlal swellini; arul release of cycodixome C Cytp' 
'chrome C binds CO ApaM to accivare caspase 9. whidh 
accivares caspaae 3, triggering a cascade of events that lead to 
programmed cell death and the breakup of the hepatocyres 
into small fragiDents fbllowed by their reiaoval by phagocy' 
tosis (20). Others postulate that TNFa signalltt^ involves 
sphingomyelinase formation of cetamide as a second njses' 
senger that triggezs the formation of reactive oxygen $p^&^ 
v;^hich initiates micochondria] memhcane permeajbll^y mnr: 
sition change, Which results from the alteration of complex 
m of respiration (21). - ^ 

Hepatocellular changes that are probably ir^pendent irf 
Ki^ifFer cell acdvation inchide bt accumulation, iarty acid 
metabolic changes, loss of glycogen stores, inhibidon of |izD^ 
ceolysis, hyperphosphoryktion of cyrokeracins and the 6kI« 
datlon of lipids, proteins and DNA. 

The accumulation of fiat In d\e form of triglyceride is imil- 
tifacEortal in terms ofihe mechanisms involved. Most likely, 
fat accumulates inainly due to decreased beta OK^daxion 
of £acty acids by the mitochondna due lo the shift ix>^ end*' 
dized (brm of nicotinamide adenine diiuideotide to reduced 
nicxjtinamlde adenine dinudeodde lado (22). Fatty acid 
metabolism is greatly altered due to the Induction of cyto- 
chrome P450 (CYP) enzyme, which petcxxidate, hydroxy- 
late and epcflcidate diem to bioacd\'e intermediates 
(hydrcocyeicosatetraenotcadds and q;>oxyeicosatrtenoic ac- 
ids) (23), and enzymes that metabolize arachidonic acid to 
bloacdve piostaglajidins and diromboxanes (13). Lipid per* 
oxidation leads to protein adduct fbnnation, whi«ih coiie- 
lates positively with the severity of liver pathology in the tac 
and humans (24«25). Intermediates are formed from £uty 
add hydroxylation as the result of the induction of cyto- 
chromes such as CYP 4A1, OTP 3A1, CYP 2B1 arid 
CYP IBl (26^26). The adducts formed widi proteiris act as 
neoantigens On the liver cell surfece, and antibodies bind to 
these adducts on the plasma membmne to damage the liver 
cells, hypochetically, by andbody^assisted lymphotoxicity. 
mechanfemSt 



liver cell proteins becotne damaged through pezoxidd- 
tion by the CYP 2El*'getieraced£ree radical formation of per^ 
oxyb and alkoyls, which leads to the accumubtlon of 
OTcidi2ed pioteins in hepasocytes (29). Qncomitandy, etha*- 
nol feeding leads to a decrease iniubiquidn in h^otocytes 
(30). Ublqultln is necessary to prepare die cytosollc proteins 
for degra^tion by the ptoteasome pathway. Compounding 
this problem in the removal of cytosoUc proteins^ ethanol 
feeding leads to inhibition of the proteolytic enzymes m the 
proteasome (31). Consequendy, proteins accutmibfe in he* 
patocytes (31 ), which probably accounts for the 'balkociing' 
of hepatocytes seen in ALD. Oxidiz e d proteiris, in increased 
aroouniSi inhibit protein d^tadarion by die ptoteasomes 
(32). 

Oxidation of irdtochondrial DNA b also induced by 
chronic alcohol ingesdon (33). Micochotidrial DNA dele* 
Hons occur In the Uver of alcoholics assodatod vidi steatosis 
(34). Both enocs in cytosine loci where Throng mcdeotides 
are Incorporated during replicacicxi of DNA cause point mu' 
tadons (34)« In addidqn E^A, deletions are observed in the 
Um^jcoj^^^^ of alcoholics (3S). These changes are re- 
vcxable alcbhollc padezits stop drinking (36). 

The cell origin of collagen in the liver, uncludtng the 
souipe of scafiing and cinhosis, is the stellate cell, fbnnerly 
known as the ho ceB or lipocyte. Recent fbois on the role cf 
this .cell in , ALD has ..levcaled that it is acdvaoed by fi- 
broii<^iri and cylK^lcines OUl, TGFP and IL^ Fiboneccin is 
dtttved from slii^tsoidal'endodielial cells (37»38). Ic is In- 
oeased m the^p^ eady in the course of ethanol 

feeding (39)V followed by an increase in cdlagen IV (40), 
fbllowed by capillarization of the sinusoid by laying down 
basemenx membraite by the endothelial cells (40). Although 
thefiopcal acdvation of stellacc cells that is due to fxai necco' 
sis ocans early in die cduxse of experimental ALD (one to 
twomondis of alcohol feeding), difiuse acdvadon of stellate 
ceUs occurs late kk die course of ethanol feeding (five to six 
months of feeding edianol) (41). Extensive cenoibbular 
perisinusoidal fibred due' to diffuse steDate celi acdvation 
Teqqires polyunsaturated fiitcy adds in the diet (42-44) and a 
hia tal diet (14). 

. Aoivacion of scellace o^, eidiec focally or difiusely, 
probably results &om paraoir^ stimuladon by Kup&r ceils, 
endothelium arid hepatocytes, which release TCI$ IL'l, 
TGFcu plaielet^erived growd\ factor (PDGF), TNFa and 
IGF-l (37,45,46), AcctaldAyde (15) and interferon (45) 
irthiblt steDate cell acdvation. This may explain why activa- 
tion of stellate cells iri vivo takes so ]mg to be induced by 
ethanoL Activated steDajte cells become responsive oe hy** 
penesponsive in tissue culture to cytokines and growth fac- 
tors through paracrine and autocrine mechanisms. These 
faaors Include IGF-l, TCFjo, TGFp, colony stimulating 
^ctor-1 , HGF, lL-6. PDQF. epUlennal growth bcxor (BCF)« 
MCP-l, abrcmectin and ecidodieUn-l (37,46). The acti- 
vated stellate eatresses a cotn^sx phenotype that i n cludes 
the following newly acquired functions: prolifemtion, migm' 
tlon, contraction, cxJlagen and fibxonectin synthefiS, white 

bbod cell chemocaxis and collagenase secretion. Focal m" 
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.y«^- HQF HeJxuocjK K RupfiiEr cell; 

lurv, leading to kerf Jeanlng, b qwteWy resoW unless 
stimulus B sustained. It UiK«bu>wn«h}ch («««peTP^ 
ate the scarring process d»at Icids » dnhosls. Scan to 

not lead to septal fotnotion can be completely removed by 
collageflajeover tliiie.Tlius,peitnaDent seami^ is «»f 
of the balanoe between collasen svn*esis and degmdadon 
over time. CoHagenase tohiblrot* (tteue inhibitots of martx 
metallopioainases) may be Imponant In tnalntanung ihis 

AcmraiioD cf stellate celt leads to the depostt of a giwt 
variety of ejoracelluW matrix proteins (37) secr«ed by Ae 
seeUate ceUi. Among these is hyaluronic acid (37). whlelus 
elevated in Ae Wood during active Uvet fibiosis. Hyaluioi^c 

add is normaUy cleared lvl«PMfc ^ f 

hepatic fibr«i. in ALD d« «dotheM cdh " 
(48). The CD44 receptor iaofbrm fat hyalurome acta m es^ 
siessed by stellate celU in liver injury, and this nay be a fe^ 
winibeinigrailoaofsteUatecclbio the site <rflniurymthe 

loealtoed fibrosis in ALD (49). ^ . . 

One taportBntprepertyof dieacrivaiedstcllaceceU is to 

enhanced contraction In response to endoAeHn-l ftom an- 
dothelial cells (50). Thus, aaivaied stellate cell contractwm 
may explain the damage to hepaiocvies that occurt m *e 
ceiflobubrionebeciniscofiheli^-erhyposctothatdevelopa 

iniaisfedohanoldiionicallTtSl). 

One taponapt meehantan by which «ellate cettpwUf- 
etationplays a role in die pathogenesis of alcoholic ctohoas 
invoKcs the Uwr cell bile ductular inecq?lasia phawmeiwi 
(52). In this phenomenon, liwr oells uttdeigo a phenotyplc 
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switch to form ducnJes in die^nciiting plate rfhtjac^ytw 
at d\e periportal ame during the dewelopmem of cinhosis 
(18). The stellate cells located natt to the switched h^«to- 
cyies prolifeiate to provide, sooma fior the newly fiKtned ^ 
tulesinaprocessthattecapltu!aeeslrtled«ctfoim^anind» 
fetal Uvet (53). Thb is a setf-perpetuating Inteiaaioo *at . 
leads w piogiesslve fOjiosis and cinhosis due to growdi &c- 
coTB released by Ac ductules (acidic fibrciblast growth foc- 
eor) which stiBiwbtes sceUate prolifitration, and HGF and 
stem oeU fector released by Ae steUate cells, wWA stimu- 
lates biW ductule proliferation (54,55). Endodielin-l (W. 
TGFP (57). EOF and lL-6 (58) may also participate m this 
stiroulation-ptolifisration process of periportal fibrosis 

The lofe of MB fontiarion in ALD has teeeady been bet- 
ter defined. The formation of MBj ih dnig-priitved mice fed 
ethanol intragastricafly for seven days provides a modd to 
determine their pathogenesSs(59)becauseof the Aottmtsw. 
valbenween staitingedianol ingestion and MB formation. Jn 

this model C:TfP 2EI was induced and cytolceradn 8 was m- 
c^ss^,f!b^A>tKi!^^^C(?^^i tended to d^i«*e 
-M^oy^tlh-S mRNA was rigoiftcandy d«««Med. The 
discrepancy between Ae piotein levels and dje oRNA e»- 
preaaon indicates an inhibition d proted,^ ^.^JSlS^ 
some as Ae mechanism for cytokeiatln-S and tnri' iti 
accurmdadon. This fits AehypoAesis that MBs result ftopi 
the iccutaifitiai of cytoktaatins that are confonnadonally 
altered so as ID resist prbteolysii, which is iiM)Ued by eAa- 
ru)l ingestioti (60). Evidence Aat Ae MB* Me composed of 
cytokerartns Aat ha«e undergone piofi)und alterations m 
Acir conformation wis obtained by inf^i«l spccnosoow <« 
■■ AeamideIspectiumofisolatedniouseai»dhumanMlJs(C>i;. 

Hypeiphcsphoiylation of MBs (60) likely accounts for 
■■ dKiiconfontuitionaldjanee-Seeradaiyubiquidnau^ 
of MBs may add to their leslsiance to piotedyri*. "^f^^ 
' tton of what is Ae mechanism of hyperphoBphorybted ct 
. MBs remains. Studies on ^ffiphosphoryte^ion^ndia*eAat 
?KC is Ae mainlanase involved, probably tiiggered l^tHCl- 
datlve stress- EAanol Induces hypetphosphorylatiwi of cy- 
token.tins in hepaiocytas wiAin 15^ to primanr 
culture of hepatocytes A»«* a PKC mechanism(63). 
Okadaic add increases phosphorylation of ttvexcytrtse*^ 
to vivo widun 15 mins by inhibiting serine-Areonbie pbo»- 
phases I and 2A (60). Hypcrphosphoryktion was indKated 
using an antibody to phosphoAreonine. AggjegatooJ cy- 
lokoatin tesidied, and Aese stained positive ftir cy- 
tokerarins, ublqultin and phosphoAreooine in the saine 
numner as do MBs (60). The aggregates were ptesent m 
•empty' hepatocytes felled to stain for cytoVeiaitas ex- 
^^tereAe aggregates weiefbund.TWempty;cdba»' 
respcmdwAebalkxmcelUconealnlngMBiseenui^Al^^ 
humans (64). These acute changMmducedbybto^ 
occumid at Ae same trme Aat NFkB was ecrivated (W), 
whiA is a finAcr Indicition Aat oxidarive sow w« ttt- 
volved (65). The hypcrphosphorylatlan of serine reWCWM 
(66) as well as Ae involvement of PKC ha. >f« °^«>- 
med. akhough other kinases may also be involved (67 J . 
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Treatment of Sepsis 

Past and Future Avenues 
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Vaudois, Lausanne, Switzerland 



Abstract in recent years, the concept has emerged that the host's inflammatory response 

contributes substantially to the development of septic shock and organ failure. 
Experimental observations prompted large scale randomised clinical trials with a 
variety of agents such as glucocorticoids, ibuprofen, antiendotoxin monoclonal 
antibodies, antagonists of platelet-activating factor, of bradykinin or of interleu- 
kin-1 receptor, and monoclonal anti-tumour necrosis factor (TNF) antibodies or 
soluble dimeric TNF receptor fiision proteins. 

All these major studies of immunomodulators in sepsis have yielded disap- 
pointing results despite showing promise during preliminary clinical studies.. 
However, these recent failures do not mean that septic shock will forever remain 
an insurmountable medical challenge. Many lessons have been learned from these 
studies, and certain mistakes in their study design will be avoided in the future. 
Our understanding of the pathophysiology of sepsis and septic shock is increasing 
markedly; potential new treatment strategies are available and could be explored 
to improve the outcome of patients with sepsis. 



Our understanding of the pathophysiology of 
sepsis and septic shock has increased markedly 
over the past few years. ^^'^^ Sepsis begins when 
bacteria cross host barriers, overwhelming host 
defences, and release toxic bacterial products that 
activate plasma factors (complement and clotting 
molecules) and cells of the immune system (mono- 
cytes/macrophages, polymorphonuclear cells and 
lymphocytes). Cell receptors for toxic microbial 
products and serum factors that enhance host re- 
sponses to bacterial products have been charac- 
terised. Upon activation by bacterial products, host 
cells release a complex array of mediators, includ- 
ing cytokines. Cytokines are autocrine and para- 
crine molecules that act locally at their site of 
production and serve to orchestrate the cellular and 
humoral host responses. By influencing coagula- 



tion and leucocyte transmigration, and by activat- 
ing professional phagocytes, cytokines assist the 
host to contain a local infection. 

However, in septic shock, this process is out of 
control. The synthesis of pro-inflanmiatory mole- 
cules, especially tumour necrosis factor (TNF) and 
interleukin (IL)-l, upregulates the expression of 
adhesion molecules on endothelial cells, promoting 
the accumulation of activated polymorphonuclear 
cells. This leads to further cytokine production 
and release of toxic molecules from polymorpho- 
nuclear cells, resulting in endothelial necrosis and 
vascular permeability. Septic shock is a manifesta- 
tion of a dysregulated inflammatory response 
during which the counter-regulatory systems, in- 
cluding anti-inflammatory cytokines (IL-4, IL-10, 
IL-13, transforming growth factor P, granulocyte 
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colony-Stimulating factor) soluble TNF receptors, 
IL-1 receptor antagonist and glucocorticoids, are 
overwhelmed. The pro-inflammatory response 
affects vascular permeability and resistance and 
cardiac function, and induces many metabolic de- 
rangements often leading to multiorgan failure and 
death. 

1. Where Are We Now? 

In recent years, the concept has thus emerged 
that the host's inflammatory response contributes 
substantially to the development of shock and 
organ failure. Although many experimental studies 
have focused on Gram-negative septic shock, we 
now know that endotoxin is not the universal trig- 
ger of septic shock that it was once believed to be. 
Gram-positive bacteria also can cause a clinical 
syndrome that is similar to Gram-negative septic 
shock, but the cellular and molecular mechanisms 
of Gram-positive shock have not been fully eluci- 
dated. Systemic fungal infections can also produce 
sepsis and septic shock, yet the pathophysiology of 
fungal sepsis remains largely unknown. 

The current strategies of adjunctive therapy for 
sepsis are mainly derived from observations made 
in animal models. Promising experimental results 
prompted large scale randomised clinical trials 
with a variety of agents such as antiendotoxin (anti- 
lipid A) monoclonal antibodies,t^"^l glucocorti- 
coidst^^'**! or ibuprofent^^l for nonspecific down- 
regulation of inflammation, antagonists of platelet 
activating factor,!^^''^^ of bradykinin^^] or of IL-1 
receptor, and monoclonal anti-TNF antibod- 
iesf'^-213 Qj. soluble dimeric TNF receptor fusion 
proteins.1^2,23] Unfortunately, despite some prom- 
ising results during preliminary trials, all the major 
clinical studies of immunomodulators in sepsis 
have yielded disappointing results (for discussion 
see, for example, BonCjl^"*! Abraham and Raffint^^l 
and Zeni et ^\P% A phase III study of a p55 TNF 
receptor IgGl fusion protein was recently termi- 
nated after inclusion of 1342 patients. The prelim- 
inary results showed no difference in the 28-day 
mortality rates between the patients receiving the 
fusion protein and placebo, respectively. Analysis 



of subgroups showed that no subgroup showed 
convincing benefit (E. Abraham, personal commu- 
nication). 

There are several explanations for the discor- 
dant results observed between animal models and 
in clinical trials. Major differences exist between 
animal models of sepsis and clinical septic shock. 
In animal models, the cascade of events is perfectly 
synchronised and follows a predictable and brief 
course usually ranging from a few hours to a few 
days. The initial stimulus is usually given as a sin- 
gle, titrated dose, via the same route, to healthy 
animals with the same genetic background. The 
infections or toxic challenges are accompanied by 
the release of a transient and usually single burst of 
each cytokine. Experimental protocols aimed at 
blocking a single cytokine cascade are thus rela- 
tively straightforward. In animal models, cytokine 
blockade is efficient only when performed prophy- 
lactically or very early after challenge, which is 
obviously not feasible in humans. 

In contrast, the sequence of events leading to 
septic shock in humans is much more complex, 
asynchronised, and extends over a prolonged peri- 
od of time, usually many days. Therefore, immu- 
nological interventions have to work in a very 
complex environment in which opposing pro- and 
anti-inflammatory forces are in action. In fact, in late 
shock, it might even be that the pro-inflammatory 
burst is over and that the patient is in a state of 
hyporesponsiveness which would require stimula- 
tion rather than inhibition. 

Furthermore, the design of the clinical trials 
themselves raises several unresolved issues, such 
as the criteria used for the selection of the end- 
points (for example, mortality versus morbidity, 
all-cause death versus death due to septic shock 
only, 28-day mortality versus eariy mortality), and 
the existence of confounding factors (for example, 
decision not to resuscitate, inadequacy of treat- 
ment, underlying diseases). 

However, perhaps the major issue is the selec- 
tion of patients. Indeed, in all recent clinical trials, 
the selection of patients was based on the sepsis 
criteria proposed by Bone et al.,^^^! a method that 
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has been criticisedJ^^l The concept of sepsis 
syndrome relies on the belief that the pathophysi- 
ology of sepsis and organ dysfunction is similar 
whatever the microbial aetiology and primary fo- 
cus of infection may be. However, there are 2 ma- 
jor problems with this concept. First, the systemic 
manifestations of infection that can be readily re- 
corded are highly nonspecific and can also occur 
with many noninfectious illnesses. Secondly, the 
assumption that the pathophysiology of sepsis is 
similar for all micro-organisms and primary foci of 
infections is doubtful. The concept of sepsis syn- 
drome became very popular because it allows the 
inclusion of a substantial number of intensive care 
unit patients in clinical trials, allowing the perfor- 
mance of the large-scale randomised trials that 
are required for statistical reasons. However, the 
power of these studies was lower than expected 
because the selection of patients was based on the 
nonspecific criteria of the sepsis syndrome. 

Although the clinical studies performed so far 
have not allowed the conclusion that, for instance, 
TNF or IL-1 blockade is effective in patients with 
sepsis or septic shock, we do not yet really know 
whether these agents have some protective efficacy 
or not. Future clinical trials in this field should 
have carefully designed entry criteria no longer 
based on the single concept of sepsis syndrome. 
These trials should also select more homogenous 
patient populations, such as for example those with 
intra-abdominal infections, nosocomial pneumonia 
or fulminant meningococcaemia. Timing of inter- 
vention is also crucial In fact, in the recently com- 
pleted anti-TNF multicentre studies, only 
a small proportion of the patients had detectable 
circulating TNF levels at entry, raising the possi- 
bility that treatment might have been administered 
too late, after peak TNF release in the blood. This 
stresses the need for laboratory tests to help clini- 
cians identify at the bedside those patients who are 
likely to benefit from the experimental drug. 

2. Where Do We Go? 

The fact that all recent clinical trials of anti- 
inflammatory agents have yielded disappointing 



results does not mean that septic shock will for- 
ever remain an insurmountable medical challenge. 
Many lessons have been learned from previous 
studies and the failure of the current approaches 
should stimulate researchers to find new treatment 
modalities. As shown in table I, many strategies are 
available to interrupt the cascade of events that 
occurs during septic shock. Although some of 
these treatment approaches are still at a preclinical 
stage, others are, or will soon be, in clinical devel- 
opment. It is beyond the scope of this article to 
review all these treatment options, and therefore 
only some will be considered. 

Despite the lack of efficacy of antiendotoxin 
antibodies, one approach worth pursuing is to block 
the ability of microbial agents to activate target 
cells. Candidate molecules are lipid A antago- 
nists,I^*"^^l acyloxyacyl hydrolasCj^^"*! bactericidal/ 
permeability-increasing protein,t^^l cationic anti- 
microbial proteins (CAP 18 and 37),t^^l antilipopoly- 
saccharide factort^'^l and high density lipoproteins 
(HDL). Lipoproteins are natural antagonists of 
endotoxin (lipopolysaccharide; LPS). Recently, it 
was found that LPS binding protein (LBP) and sol- 
uble CD 14 also catalyse the transfer of LPS to 
HDL.t^^'^^1 Administration of lipoproteins de- 
creases cytokine production in vitro and in vivo 
and protects animals from endotoxic shock. t"***'"*^! 
A phase 11 study of reconstituted HDL for the treat- 
ment of peritonitis will soon be initiated in Europe. 

Another treatment option is to prevent the acti- 
vation of responsive cells by microbial products. 
LBP and CDl 4 (both its membrane-bound and sol- 
uble forms) are 2 critical components of the acti- 
vation of host cells by LPS. Recent investigations 
have shown that CD 14 is also involved in the 
recognition of many other micro-organisms, in- 
cluding Gram-positive bacteria, mycobacteria and 
yeasts, and is thus an integral component of innate 
immunity. I^^l In animal models, blockade of LBP 
has been shown to prevent death from shock in- 
duced by endotoxin or by Gram-negative bacte- 
ria, t'*^! and transgenic mice overexpressing human 
CD 14 were found to be hypersensitive to LPS.t^'^l 
Recent experiments with LBP- or CD14-knockout 
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Table I. Present and future strategies for the treatment of patients 
with sepsis 

1. Blocking the release or the action of microbial products 

Neutralisation of lipopolysaccharide 

lipid A antagonists 

acyloxyacyl hydrolase 

antilipopolysaccharide factor 

bactericidal/permeabilityHncreasing protein 

catbnic antimicrobial proteins 

reconstituted high density lipoprotein 
Neutralisation of bacterial toxins or microbial cell walls with 
inhibitors or antibodies 

2. Preventing the activation of responsive ceils 

Blocking lipopolysaccharide-blnding protein or CD14 
interfering with intraceitular signalling cascades 
tyrosine kinases 

mitogen-activated protein kinase superfamily 
lipid mediators (phosphollpases, diacylglycerols, 
phosphatidylinositol 3.4.5-trisphosphate, protein kinase C. 
sphingomyelin, ceramide) 

Inhibiting the action of transcription factors (nuclear factor-KB, 

activator protein-1 ) 

3. Inhibiting secondary mediators 
Cytokines 

inhibition of cytokine synthesis and release (steroids. 
interieuldn-10, phosphodiesterase inhibitors, thalidomide. 
CNI-1493, inhibitors of tumour necrosis factor converting 
enzyme) 

neutralisation of cytokine activity (monoclonal antibodies, 
soluble receptors, receptor antagonists) 
Nitric oxide 

specific and nonspecific inhibitors of inducible nitric oxide 
synthase 
Lipid mediators 
platelet-activating factor antagonists 
blockade of the cyclo-oxygenase-dependent anid the 
lipoxygenase-dependent pathways 

4. Blocking the activation of humoral pathways 
Inhibition of coagulation (antithrombin III. inhibition of tissue 
factor pathway) 

Inhibition of complement 

Inhibition of kinin (bradyicinin antagonists) 

5. Preventing the acthratton of target cells 
Neutralisation of adhesion molecules (selectins, integrins) 

6. Immunostlmulation 

Interferon-y, granulocyte colony-stimulating factor, 
granulocyte-macrophage colony-stimulating factor, 
interieukin-12. interieukin-18 



mice confinned the importance of these 2 mole- 
cules in the pathophysiology of septic shock. 
No data are yet available on the effect of anti-LBP 
or anti-CD 14 antibodies in humans with sepsis. 



The elucidation of the signalling pathways in- 
volved in gene expression after the activation of 
the cell membrane receptor by LPS or other micro- 
bial agents has been an area of intensive research 
in recent years. Several signalling cascades have 
been identified, including the mitogen-activated pro- 
tein (MAP) kinase superfamily. f^^l Each compo- 
nent of these pathways is a potential target for drug 
development. Small inhibitors of these signalling 
molecules should soon be available for testing in 
experimental animal models of sepsis. Further 
downstream targets are the transcription factors 
nuclear factor (NF)-kB and activator protein ( AP)- 1 , 
which play a critical role in the expression of many 
pro-inflammatory mediators and acute phase pro- 
teins. 

The inhibition of secondary mediators, such as 
the cytokines, nitric oxide or the lipid mediators, 
has been extensively studied in the last 1 5 years. 
New mediators of inflammation continue to be 
identified. The sequencing of the human genome 
will also provide scientists with many new mole- 
cules likely to be involved in the pathogenesis of 
septic shock; each one may be a target for novel 
therapies. On the other hand, old cytokines may be 
'rediscovered'. For example, the biological role of 
macrophage migration inhibitory factor (MIF), one 
of the first lymphocyte cytokines described (in the 
late 1960s), has been uncovered recently. MIF was 
found to be a pro-inflammatory macrophage and 
pituitary mediator that plays a critical role in septic 
shock.t^^»^21 Surprisingly, MIF production is also 
induced by glucocorticoids and it functions as a 
counter-regulator of the anti-inflammatory and 
immunosuppressive effects of steroids on macro- 
phages and T cells.l^^*^"*! More recent experiments 
have shown that MIF plays an important role in 
animal models of glomerulonephritis, arthritis and 
allograft rejection, indicating that it is a critical 
mediator of acute inflammation. Anti-MIF strate- 
gies may find utility in the management of septic 
shock or other inflammatory diseases. 

Many systems are activated during septic shock. 
Blocking the coagulation, complement or kinin 
cascades is another attractive approach for the 
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management of patients with sepsis. Studies using 
antithrombin HI or inhibitors of the tissue factor 
pathway are currently in progress. Inhibition of 
the selectins or integrins is yet another potential 
strategy for preventing the activation of inflamma- 
tory or immune cells. 

Conversely, several studies have shown that the 
immune cells of patients with sepsis are hypo- 
responsive or deactivated, suggesting that criti- 
cally ill patients may be immunosuppressed, espe- 
cially in the post-acute phase of septic shock.1^^1 
These observations have led some investigators to 
promote an alternative strategy using agents such 
as interferon-Y, granulocyte colony-stimulatmg fac- 
tor or granulocyte-macrophage colony-stimulating 
factor to boost immune function and reverse cellu- 
lar deactivation in these patients. Preliminary data 
suggest that treatment with interferon-y may im- 
prove immune function in selected medical and 
surgical intensive care unit patients, but double- 
blind placebo-controlled studies are needed to 
examine further the efficacy and tolerability of 
such interventions.!^^! 

3. Conclusions 

Although the results of recent clinical trials of 
adjunctive therapy for sepsis have been discourag- 
ing, several potential treatment strategies are avail- 
able and could be explored to improve the outcome 
of such patients. The success of these approaches 
will rely both on improvement of oar scientific 
knowledge and ability to develop agents for cUni- 
cal trials, and on improved selection of suitable 
patients for these trials. 
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Jntrotfoction 

Bloodstream infections (BSI) are associated with a 
mortality, despite the introduction of new antimicrobial 
agents and progress in supportive iherspy. Epidemologj- 
caJ studies frequently use results of blood cultures to eval- 
uate the incidence and outcome of BSL However, the 
presence of bacteria In the bloodstream, defined as bacte- 
remia, is insufncient in itself to assess the severity of tlie in- 
fection. In an attempt to better define the spectrum of dis- 
orders associated with sep^» Bone el al. (1991) have pro- 
posed a diagnostic system based on progressive stages of 
BSI: bacteremia (presence of positive blood cultures); sep> 
sis (clinical evidence suggestive of infection plus signs of a 
systemic respQose to the infecdon); sep^ ^ndrome (dm- 
ical diagnosis of sepsis as outlined above^ plus evidence of 
altered organ perfusion) and septic shock (ctinical diagno- 
sis of sepsis syndroine plus hypotension) [1]. This dassigron 

cation aUows us to allocate patients to dhiical iriabJiased— .l!!^"! - j 
on cBnical criteria, and to 4luate the severity of the in- tSS^ ^^^^^ ^ 

and observed a mortality rate of 33%in patients with bac- Foporuon of BSI due to gram^ 



1972, evaluated BSI at the Boston Qty Hospital [6], This 
study eSlaw^ us to evaluate the impact of the intmiuclion 
of antimicrobial agents on the epidemiology and mortality 
of BSI. A fourfold increase in Inddenee was observed and 
the etiology was altered dramatically dufing this period. In 
1935, about 85% of cases were due lo gram«pontive bac- 
teria, with Str^rtococcus spp, and Staphytoccetus mmus 
accounting for 90% of the fatal cases, whikt in 1972 giam- 
positive and gram^negative bacteria were found in equal 
numbers. The increasing inddenee of g^am•neg^tlve bac- 
teria has also been observed by htcCabe and Jackson [71 
and Kregcrcl al. [8], who reported a tenfold increase in the 
inddenee of gram-ne^tive bacteremia between 1951 and 
1974. In the \9S0s a shift towards gram-positive infections 
was observed in hospitalized patients [9, 10]. The BSI rate 
iau876 g^^gative badm renamed stable, but the rate 
of gram-positive infections increased [1 1 ]. This change was 
ily due to an increase in the inddenee of BST by coag- 



teremia, 36% in those with sepsis. 72% in sepsis syndrome 
and 78% m septic shock [3]. 

The pathophysiologie events seen in sepsis may also be 
triggered non-infectious stimuli, such as trauma, bums 
and acute pancreatitis. In a Consensus Conference, spbp-^ 
sored by the American College of Chest PhyisMan^s^aM' 



positive bactetta increased from 43 to 54% betweeKi 
1985-86 and 1992-93. The inddenee of gram-positive bac- 
te^^ia, however, was higher only for coagulase negative 
Swpliyti^teus infections. This change wa.<; main^ due to 
a^'i^n^^ln liie inddenee of gram-negative bacteremia in 
tfig^Mer^pertcwd, In contrast to reports In the Hteratnre. 
tSe^incideupe of BSI was higher in the fim period 



the Sodety of Critical Care Medicine, the term "si^ferrac" Wpim^\^^r. \.. i^^^^^A riAnf^\ riti 
lnflamma^i^ponse5yndromeMSn^)waspi^^ , ^. 

to embrace the common inflammatc^ry pathwaysltS^^^ J^^'^^.J'-^^VJ^ ^ ^ ma|or teac^ 



in an these different events [4], while the terml^&i^iif S&* 
be tesiricted to SIRS caused by infection. Morcovefrjih^ 
suggested that the tenn sepsis syndrome should Holohjgef 
be used as it is conftising and amb^gnous (4]..I^omct]%j 
dinlcal studies are currently being conducted toVa}uia]Gt\ 
these criteria* and it has already been shown th^tnlic: con^' 
sensus criteria for SIRS were very sensi^ bvU'^iliiclc^ini 
spedfidty [5]. The need for more uniform eoh&ptis^^r 
paramount importance for the design and eviluatldir of 
new therapeutic straiegieB. - Sd?^^' 

t^^ Xt^i in- 

The inddenee and etiology of BSI have changed:oyex .re^, 
cent years, justifying further epidemiologica] studies. One; 
of the most interesting studBes in the field cune: ft:QSL 
McOowan, Barnes and Finland who, between < 1935 syid 



^!?^^ m smaller non-teachf ng hospitals I15{. 
)^tj>ou|^^t^ true, a recent survey showed that 

ihe^^de^ o^ BSI was incneaslngmorc rapidly In non- 
reSafhm^;h<^ta]s [1 1]. 

Bactq'emias cap be hospital or community acquired. Hos- 
pital-acquired infection is defmed as not having been 
p?8sem <^r.&i incubation at the time of admission [16]. Hos- 
phal-alcqutfi^ 1^ represents over fifty pereent of 
^an bacteiemic e^ and is associaied with a higher 
UKirtsidlty^d mortality [12, 17-191. 

R^MlvfdsiO Qolcber imAcCb-ptcd: 9 Ocxohcr I99S 

fcM^iousPiscascS) Escola FauGsia de Medkinsu UahnorKida<lc Federal d< 
$ft>>aiiU^Ru|» B^^^ S&oFaulo.SP.BnuahM. 
i^^'^rettdjmberz^ M.,P>. C Ctdanas, Pb. D., Max-Flonck-histhul fdr Tni* 
mmyblastei^ 5U D-791QS FidbUfg I Br., Cermany. 
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Mortality related to bacteremia is about 30% [6» 17, 2(X 
21]. The factors associated with poor outcome are: ex- 
tremes of age. hospitaKacquired infections, ate of orlgto of 
infection (respiratory tract) and some etiolc^lc agents 
(such as Pseudomonas spp.), the presence of shoclc, the se- 
verity of the underlying disease and inappropriate use of 
antimicrobial agents p. 6» 17, 20, 22-24]. Among these fac- 
tors, the presence of severe tindeilying disease is of para- 
mount hnportancc. McCabe and Jackson |7] classifled the 
underlying diseases into three groups: rapidly fataU ulti- 
mately fatal, and non-fatal and observed a mortality of 91. 
66 and 11%, respectively. These data have been coi^irmed 
by several authors [8» 19, 22, 25-27]. 
Another important variable associated with outcome of 
sepsis is the appropriateness of antimicrobial therapy [17, 
22. 23], In one serie.^ patients treated with antimicrobial 
agents to which the bacteria causing BSI showed in vitro 
resistance had a mortality over three times greater than 
patients treated with antibiotics to which the etiolo^c 
agent showed in visto sensitivity [17]. 
Using multivariate analysis, we have found that uiiderly- 
ing dbease, age, appropriateness of antimicrobial therapy, 
shock and hospltal^cquired bacterctnia were the factors 
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Figure 1 : CIrculaling lev^ of HDL In a patSerft with severe in- 
fection. Quantilative rocicel immunoelediQphoresiB aralysis of 
HI^ levels in the eerum or a lieafthy peraon (oontroO and in 61^ 
rum sampi4» obta^^ an Intenshre-oare patient vwith 

s^cve grarn-nagmive bacterial infectioa 

-Sf llS?'iiaiJSria. Administration of purified LPS in expert- 



associated wilh poor prognosis among 559 episodes of Bgl^^^men(a3 animals induces fever, diarrhea, intravascular co- 
at the Hospital SSo Paulo, observed in 1985-^ and ^agulation, 



1992-93 [3]. 

The iriereasii^ incidence of BST and its high mortahtx 
show the Importance of developing new therapeutic sMt^ 
egies. This, however, neeessitates a belter undeV^taii^uiiC 
of die uitderiying mechanisms involved in die; patliophyi^ 
sbkgy of sepsis. 3 ^« ' 

PaAogene^ ^ 

The pathogenesis of sepsis involves complex inieraciions* 
between the invading baeteria and the defense medha-' 
nisms of the human or animal host organism. Interactions 
with bactcna already be^iii at birth; infection, however \& 
a relatively infrequent event, because the Invading micro-- 
origanisras can be adequately dealt with by the defense of 
the host. In cases of impaired immunity, such ixnmune sup- 
pression due to underlying diseases or therapy fTcquenl In 
the hospital environment, facilitates mfection: Paradood- 
cally, the host immune and inflammatory responses, iss' 
sential for the control of iAfeeuOFi> also contribute to the 
deleterious sequelae seen in sepsis. 
The ability of bacteria to mount an hiflammatory response 
is associated with biolc^cally active components present 
in the bacteria. In the case of gram-negative bacteria, en** 
dotoxin (lipopolysaccharide [LPS]) is of particular intef' 
est. Endotoxin is an integral part of the outer bacterial 
membrane. It is vital for bacterial survival, xonfeiring 
stability to the bacterial rnembranc, selective permeability 
and resistance to biliar salts and antimicrobial agents 
29]. The release of endotoxin from bacteria takes place af- 
ter death and lysis of the cell. Today, we know that a small 
amount of LPS can be liberated also duringlife and growth 



hypotension and shods, mimidjng the dinie^ 
picture seen in sepsis. Therefore, LPS » thought to be die 
roa\)or toxic component of gnim-negative bacteria; hence* 
it has an important role hi the pattiophysiology of sepsis 
[29-31]. 

Chemically, endotoxins are lipopolysaccharidcs, consist- 
ing of the O polysaccharide, ihe core oligosacdtaiide^ and 
a lipid part, designated lipid A [31-33]. The O polysaccha- 
ride exhibits a high structural and antigenic divcrnty 
among different bacterial strains, allowing bacteria to be 
classified ; into O serotypes. The core oligosaccharide 
shows less variability and (he Kpid A moiety is antigenical- 
ly rimiiar in all pathogenic gram-negative bacteria [31]. As 
a r^nilt, antibodies raised against the lipid A of one bacte* 
rial strain will react with the lipid A of most pathogenic 
gram^negative bacteria [34]. This is of great Interest as lip- 
id A is the toxic component of LPS. Administration of free 
or synthetic lipid A into experimental animals reproduces 
the features of cndotoxemia P2^ 35]. 
Tntravenot&sly administered LPS circulates until it is 
cleared by ihe / teticulo-endothelial system. The half- 
life time of clearance depends on the fbitn (smooth or 
rough forrn) and on the state of aggregation of LPS. The 
clearance of LPS is effected mainly by the liver and to a 
-lesser extent by the spleen. The uptake of LPS in theflver 
is ejected by Kujpffer cells* From Kupffer cells LPS is 
translocated to hcpatocytes. Experiments in rats axid mice 
have shown ^at, in the case of R46rm LPS, hupatocytes 
also participate in the primary uptake from the c!rcufaitkm» 
and thus bypass Kupffer cells. Hence hcpatocytes repre- 
sent the final site of L1^ accumulation to the liver, from 
where LPS is e?ccreted via the bile Into the intestine. Tn the 
framework of these experiments it was shown that a part 
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of the LPS is excreted via the lung, in the form of LPS-car- 
lying macrophages, which migrate into the alveolar and 
brondiial $pAC^ The removal of LPS from the organism is 
veiy slow. It takes place during Inany veels and is Inde- 
pendent of the dose of LPS admhustered. It is Interesting 
that despite the long persistence of Ll^ in the organism, 
only minor alterations in chenrical structure were found. 
These, however, did not biolo^caUy affect activity, since 
LPS isolated from rat liver tvas highly tone in different 
biological tests [36, 57). 

The interactions of LPS with cells and subsequent activa- 
tion may proceed directly and in principle does not require 
the help of aeeessory plasma components. 
The major pan of circulating LPS is bound to HDL. HDL- 
boond LPS has much lower afRnity for cells. This is also 
true for macrophages, whidi are pnmary targets of LPS. It 
has been postulated that the binding to HDL lowers the bi- 
ological activity of LPS by retarding Its cellular uptake It 
maybe looked upon as an indirect mechanism of detoxifi- 
cacloa of LPS [37]. In this respect is interesting that pa- 
tients suffering from sepsis exhibit very low HDL levels 
(F^ure 1) {Fraidcnberg, Beger, Caianos^ unpublished ob- 
servation). In a recent dinical trial in human volunteers, ' 
administration of recombinant HDL significantly reduc^. 
the cytokine release and eicpressioik '^f surface antigens in^ ' 
response to LPS [38]. Hence» substitution with HDL may 
be of clinical use in the future. . .. 

Another protein that interacts with LPS and whidi^is ciir- 
rently of particular interest is the lipopolysaochsuride' bindr 
ing protein (LBP) [39]. LBP is an acute phase rgactant 
which fadlitates the binding of LPS to soluble(s) Cp]4 in 
plasma and to membrane-bound (m) CD14 on taiget cells 
of LPS [40-421. The LBP mediated binding to monocytes/ 
macrophages results, as shown in in vitro studies, in an en* . 
hanced activation end subsequent formation of pro-in- 
nammatory qrtokines [161-163]. Aaivation of cells that 
laclc CD14 seems to be mediated by the complex of LBP- 
U'S-sCDM [41]. Excess CD14 sDppresses. however, LPS- 
induced cytokine production by monocytes. Antibodies to 
LBP [43] and CD14 [40] have been reported to inhibit LPS 
activity and to«city. The generation of LBP-defident 
(LBP-A) mice lately allowed the assessment of the jmpor- 
tance of LBP In the development of LPS effects in viyt> 
[164, 165|. It was shown that in normal^ healthy rfiice 
LBP-^/% LPS req>on$es may proceed in the complete Ab- 
sence of LBP, albeit to a lower degree than in wild^^ 
mice. However, the characteristic 'lyper-responses which 
are induced by LPS in mice that had been made hypersen- 
sitive to LPS by prior treatment with bacteria» proceed ex- 
clusively in the presence of LBP. Interestingly, while less 
susceptible to the effects of LPS, LBP-/-mice were shown 
to be more susceptible towards peritoneal infection with 
Satnonella typhimurium [164]. Thus, during infection with 
graiibnegative bacteria, a dual role for LBP may be envis- 
aged; a proteetive role smce, in the presence of l£P, the in^ 
fected host would sense small amounts of LPS and react 
against itifectlon at a time when the number of bacteria is 



still small On the odier hand, faflure to restrict the infec- 
tion at an early suge wouU lead to a multiplication of the 
bacteria, resulting not onfy in larger amounts of LPS but al- 
so in the development of hypersensitivity. In this case, the 
toxic activity of LPS would be greatly enhanced by LBP and 
would have hazardotis consequences for the infected host. 
Nowadays, it is generally accepted that LPS toxicity is me- 
diated by the host response and endogenous mediators are 
finally responsible for the different pathophysiological ac^ 
tivities of ISPS, The availability of inbred mice geneticany 
resistant to the lethal effects of LPS have been vety useful 
in eluddating this poinL It has bera shown that adminiSi^ 
uation of LPS to resistant mice, CSHIHeS^ does not result 
in lymphocyte and macrophage activation, and the ani- 
mals survive othermse lethal amqunts of LPS without 
signs of toridiy [44], The transfer of reticuIoendolheBfll 
cells from sensitive mice {C3H/HeN) to resistant mice 
(OH/HeJ) renders the latter sensitive to LPS [45]. Preii- 
denberg, Gahmos and coworicers have shown that maao- 
phages are the cells mediating LPS toxicity [46^ 47]* 
LPShacilvaied macrophages secrete a series of mediators, 
of which TNF-« plays a pivotal role in endotoxic shodc. 
BiAllcri Ctrani and coworkers were the first to recognize 
,TNF as a primary mediator of LPS by showing that anti- 
TNF-a antibodies partially protected mice from the lethal 
effects of LPS [48, 49]. Complete protection from the le- 
th^ activity of VPS by anti-TNF antibodies was also dem- 
onsti^ated in D-galactosamine-sensitized mice, a model in 
whidi TNF is the sole mediator of lethality [47]. With die 
advent; of ; recombinant TNF^ it has been sfaofwn that 
TNF-a administration mimics many pathologica] altera- 
tions seen in sepsis (50, 51]* These experimental data have 
tseen supported by clinical Investigations reporting higher 
levels of drculating TNF-a in patients with sepsis who had 
died compared to those who had survived [52*^55]* 
TNF^a is mainly produced by macrophages stim^aied by 
LPS or other agents. TNF-a is not produced constitutive- 
1y. It canbe detected in the drculation after LPS injecti«m, 
reaching' peak values after 60 to M min, and disappearing 
over the following hours. Similar kinetics have been de- 
scribed in rnan, rabbits, rats and mice [56-59]. Synthesis is 
regulated at the transcriptiotial and post-transcriptional 
levels [60, 61]. TNF is salject lo complex mechanisms of 
up and down regulation by natural-killer (NK) and T-cell- 
derived cytokines. In this context, IFN-^y and TNF-a act 
synergistically by activating macrophages, while TLr4 and 
ItrlO inhibit macrophage activation and the siAsequent 
prbducdon of cytokmes [62-^]. fmerestiiigly, monocytes 
are also, a source of IL-10. It has been shown that produce 
lion of ILrip Ijy monocytes downregulates their produc- 
tion of pro-inflammatory cytokines, thus IL-10 exerts an 
autoregulatocy role on macrophages [65]. 
Other cytokines induced by LPS are IL-l ftfid"n-r^, '«wTtncVk 
together with TNF-a are referred to as pro-inflammatory 
cytokines. There is considerable overlapping of biolo^cal 
activities between TNF and IL- 1 [69]. Also, administration 
of rIL-1 mduces shock in rabbits [70]. It was shown that 
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Table 1: Toxic properfies ol killed gram-ndda^^ ^ onam- 
positive bacteria for D-GaIN se^itiz^ endotoxln-resistant 
C57BI/10ScCrmlco, 









Appix. lethal lUise 50 (pg) 


LPS; 




S. abortus f qui 


>I0Q0 


Bacteria 




S,cborruseqtd 


20 


Sabn^nHJa typhimurium 


20 


StapliyloctKctts amus 


10 


Propimtihaticfiwn acnes 


100 


Mycahacitritim phki 


50 



lOflOO 100,000 
Anybody dPutton 



1,000.000 



Figi^e 2; Binding activi^ of monoclonal antl-Iipld A anSbodids 
(clone 31 , !gG2b) to Spid A and LPS pmparations wim different 
stages of completion of Ihe core. Similar result was obtained 
vath monoclonalIgM antibodies. 

TNF and tL-l [70] ami TNF> TL-1 and LPS [711 inicract to^ 
cause b^poten^n in these anhnah. 
The role of TNF-a (and IL-I) a5 a mediator of endotoxic 
shock can be illustrated by its effect oti endothelial cells. 
TNF-a and TL-l-activaled endothelial cells secrete other 
mediators sudi as IL-1, PAF, prosteglandins, thrombo*' 
ane and NO* as wen as produdng pro-coagulant factors 
[69, 72-74]. The LPS-indooed activation of the ooagulaiioD 
cascade proce^is through httrinsic (Hageman factor XTI) 
and extrln^c pathways [75]- Activated factor XIT causes 
Ihe conversion of pre-kaiikrein to kalikrein/which in turn 
cleaves high molecular-weight kininogen releasing brady^ 
kinin. The conseqoent small vessel obliteration, vasodfla- 
tatlon. increased permeability with leakage of ifiuid and in? 
nammAtory cells, together with intravascular disscminat-* 
ed coagulation, are the smn alterations that underlie the 
complex dinical picture ofsepsis. In the lungs, these alter- 
ations result in the Acute Respiratory Distress Syndrome 
(ARDS). In rats, the presence of endotoxin-canying 
mononuclear ceils in small pulmonary vessels of animals 
injected 3 days earlier with LPS could be detected [76]. 
The lethal effect of endotoxin in eTcpenmental animals can 
be enhanced under a variety of conditions, such as infep" 
tioiks [771 or the presence of growing Lumots. [7S]. Under 
these eonditfoos hypersensitive animals produce en- 
hanced amounts of cytokines (TNTF-a) upon LPS chal- 
lenge. The hypersensitivity to LPl? induced by infection is 
mediated by IFN-^ [79-81]. Thus TFN*t produced in the 
course of infection is pntenriaHy a risk factor in the devel- 
opment of LPS shock. Sensitization to endotoxin may al- 
so be induced by a number of hcpatotoxic agents, such as 
D-galactosamtne (D-GaIN) [82]. In all situations mcn*^ 
tioned above* sensitization to LPS was paralleled by a sen^ 
sitiaation to the lethal actWity of TNF-a [51*77* 78]. ^ 



OroupjsuTmlcc rocofvod IXgnteclosannfM (20 mg) and <|jlb$nm( aiDOimu 
of (Hth preparation Ir^ccicO L v. as a m&ctuns. The absence oC (elhality tn 
Ute ciKioto}dn«TCKKtAni niKc itcdving m excess of LPS (1000 Jt^ And the 
htgb Icilia] uijadiy of ihc hacterio fur ihosQ mtoo is evulenoc Tor the pib- 
naioi of i<Mclc, non~L?S ooTDponenu iit these tKicteria. 

On the other hand, minute amounts of LPS render the an- 
imals hyporcsponsive to a subsequent LPS challenge* a 
phenomenon known as tolerance* which can be dividied 
Iiilt&l^i^Tandlate phase tolerance [reviewed in 83]. The 
, two types of LPS tolerance seem to be based on funda- 
^ mentally distinct mechanistns. Early phase tolerance ap- 
peals within hours (or a few days] after a single injection 
of LPS and disappears over the subsequent days. Late 
phase toleiratice occurs after several days and persists for 
weep or even months. In contrast to early phase* which 
can^jBk.pi^pduccd with serologically unrelated LPS, late 
phas^ toierance is related to the production of O-anlibod- 
ies, imd is thus specific for a particular LPS serotype. 
iSarli^ phase tolerance can ba induced by S- and R-fbrm 
LPSiand also by free lipid A (M]. Macrophages play a cea- 
iraLrolc in the development of endotoxin tolerance [47]- 
As ^hown earlier, macrophages from tolerant animals arc 
fourtd to be refractory lo the stimulatory aciMty of LPS. 
Cbnsequently they exhibit a suppressed production of 
itiai^. mediators, including endogenous pyrogen (VL-X) 
[8S]k'^roscaglandii)s [86], CSA [87] and TNF-a [881. 
donna hnd Voget [8S^ showed a marked increase in bone 
fnarrpW'dcnved macrophage progenitor cells In associa- 
tion^with LPS tolerance. Frendenberg and Qaleam [W], 
using the D-galactosaminc model, demonstrated that mac- 
rophages are involved in the itidaction of LPS tolerance. 
We have observed that in D-GalN-scnsitized mice, toler- 
ance to the lethal effects of developed in parallel with 
the suppression of LPS-lnduced TNF. In normal mice, a 
state of hypersensitivity to LPS (20 h after pretreatment) 
precedes the onset of tolerance (present 72 h after pre^ 
trcatmeni). This is an Interesting phenomenon since hy- 
persensitivity 15 present at a time when TNF induction Is 
suppressed (SahmSo, Freudenberg and Cettaws, mann- 
script in preparation), D-GalN-sensiiized mice made tol- 
erant to LPS were also found to be tolerant to TNF-et, 
which indicates that tolerance* in this model, is not only 
due to an nnrespoiisiveness of the macrophages to LPS, 
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but also 10 an unresponsfveness of ihc mice to the activity 
of the jned5ator(s) [47, 90]. However, in nonnal mice and 
in other models of sensitization, cross-tolerance between 
LPS and tNF-a is not usually found. Vogeici al. [91] have 
shown that the combination of TNF-a and IL- 1 can substi- 
tute LPS in the induction of tolerance. So far the data sag- 
giest thai the qoalEtaiive and quantitative aspects of toler- 
ance may vary considerably, depending cm the model of I&- 
thality employed [79]. 

TNF-a 2$ ako induced by gram-poative bacteria, and by 
non-LPS components of gram-negative bacteria. Table 1 
shows that both types of bacteria induce lethality in D- 
GalN sensitized. LPS-resistani mice and as shown earlier, 
this lethality can be inhibited completely by anti-TNF-ano 
tibocfies [92]. The involvement of TNF-a in the pathogen- 
esis of gram-negative and gram-positive experimental iih 
fections [79. 92] and lis presence in patients with BSI 
cansed by these bacteria [53^ 93] snggest common patho- 
physiological pathways for both infections. On the other 
hand, an increasing body of evidence suggests an essential 
role for TNF-a in the host defense agjainst Infections, sue* 
as leishihaniasis [94], BCD [95], histoplasmosis [96], Hste- 
riosis [97] and even in sepsis itself [98, 99], 
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live bacteria and b the pan of LPS responsible for endo- 
toxic activity. The prospects of preparing antibodies dj» 
rected against common slruclures. that were capable of 
neutralizing the 6xric effects of LPS of serolo^cally unre- 
lated gram-negative bacteria, seemed very exciting, and. 
attracted the interest of many workers in the field. Anti- 
bodies to lipid A, obtained for the firei lime ia 1971 [103]. 
were found to exhibit a wide cross-reactivity with ihe free 
lipid A of unrelated bacteria [31 , 34]. Also, a lai^e number 
of studies using anti-sera obtained after immunization 
with rough mutants of Escherichia coJj and SahnoneUa 
minnesota (mainly Re and Rc LFS chemotypes) have 
shown cross-bindir^ to and protection against the toxic ef- 
fects of LPS, as well as protection against infection in- 
duced with different bacteria [104-105]. One of the ques- 
tions that remained controversial until now is whether 
these antibodies were able to recognize and hind to die lip- 
id A/inner core as pan of the intact LPS molecule, thus 
protecting experimental animals ag^in« LPS toxicity and 
bacterial infectfons, or if the protection was related to oth- 
er medianisms triggered by Immunization. Using inunn- 
noblottin|» we observed that the cross-feactiviiy of poly- 
I^SiSar^Sbcfies was directed towards the less complex R* 
i^mi^?^ off LPS. i*. the rough compounds. In a recent re- 
"vicw, Onisman ^nd Johnsion considered the possibility 



_ . . thai protection in the above-mentioned studies may have 

The therapeutic perspectives may be roughly divided ifltp: becn,due tQ mechanisms such as natural and polyclonafly 

development of new antimicrobial agents, imrounojqgira? stiSfi&iated "intil^^^ to O-spectfic antieens. presence of 

anoroadies and better suooort theranv. • r^ud Jjki^^^X^^ •t- _ '5* . • _ 



approaches and better support therapy. 
The appropriateness of antimicrobial use is of ]»rampunt'^ 
importance in the dinical management of sepsis; Aritimi^ 
croblal agents to ^ich the infecting t>acteria aire sensitive^ 
in vitro significantly reduce mortality compared to agen'6~ 
to which tiie bacteria are resistant [17, 22, 23]. At the ^m- 
versity Hospital of EscoTa PauBsta de Medicina, we^ol^* 




aaite phase.'pi^ in the antiseium and contamination 
c^tlSb juTtfs^^ endotoxin [107]. 

t*ier]^ca^ anli- 
!»idies:bb^ived in eiq^rimental infections by some au- 
tfi^^^tlO&^lJ)! led to dieir use in clinical iriah. The results 
oftainjsd inrOT randomized, doubk-bUnd 

^l^ijp^^^ aniiMXMe antibodies obtained by 

-negative 



sitive, reduced the mortality rale in such patients [ 1 9)i^I]he 
emei^ence of multi-resistant gram-negative at^ ^grain^ 
positive bacteria [100-102] has complicated antimi^^^' 
therapy espedatly in intensive care settings. Deyelc^^^t* 
of new drugs to treat such resistant bacteria is^therefo¥cr 
imperative. However, such drugs must be used judiciopi>^- 
ly, as further indiscriminate use will only be followed^l^' 
the emergence of new resistant strains* ■ " z-'^'^cr 

Immunological approaches arc airpted both, at interferii^' 
with the ongoing pathophysiological response to infectldii 



seeii%iheirea^^ to placebo [112]. How- 

|veg-th£j{>i^citi^^ antibodies for LPS and their 

^ibtective^e^i du infection could not be oonfinsed 
ft'^otficr-Biua^ Ulcewise a prospective* ran- 

domized^ i^ouble-blind study showed no reduction in mor- 
^Rty^in pafiente anli-E coSJS antibodies 

[1 16]; 'In another ^dinical trial comparing the prophylactiG 
effeds of ih^yinious standard immunoglobiUin and core- 
lipopblysaqdE^de immunoglobu& in patients at high risk 
of pc^t-sui^cslLo^^ no differences in gram*negatlve 



or at preventing its developjneni. Results of prdiihiH^ Jnfecfions pr "their jcomplicaiions caiiM be observed [1 17]. 



investigations are encouraging^ although Che clinical re- 
sults are still conflicting. So far they have been mmed at 
neutralisng LPS/iipid A« blocking its binding to macro- 
phages and inhibiting the release or action of cytokines, 
such asTNF-c and TT.-1 and rytokine-induced mediator 
lhere<^suchasNO. ' l:5lc^: 

The lipid A/Inner core region of the LPS molecule is anti- 
genicaUy preserved among many pathogenic gram^^h^ga* 

Inreeli6ilZ7(1999)NQ.1 OM^!VMed]^n AMedSsnVerla^mldCMfliKAimim 



WitK-ihe;a^dyM of monoclonal antibodies, less conflicting 
re^ult^ w^rj^e^p<^^(^d- Thus, mnnodonal antibodies to lip- 
ijd A have bcen'fouhd to have a wide range of cross-reactiv- 
(ty to'LPS f i l^i 23). Other monodonsA an\ibO(Vies\oWk<k 
A, hbwcvcJr^ have been found to be extiemely ic^triciive m 
their binding activity [124-126]. In our hands> the Mnding 
Of anti-Kpid A iikmoclonal antibodies to LPS correlated in- 
versely with'lhe stage of completion of the core (Rguna 2). 
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honvsing dbical results have been reponed;Mth n^oii^ 
clcuiaJ antibodies to lipid A, HA-1 A and E5, m two pro&» 
pective, randomized, double-blind studies [127, 128]. In 
both studies the antibodies conferred a protedtive effect in 
one subgroup of patienis, but noi in the entire study popu- 
lation. In one study» a greater protective effect Was seen in 
patients with severe c&ease» i.e. with shock, while in the 
other only patients without shock benefited from the treat- 
ment. Rirther investigations with HA«1 A and £5» did not 
confirm these benefits [129, 130]. and raised questions re- 
garding the binding and protective properties of these anti- 
bodies. Warren et al [131] did no! succeed in neutralizing 




use ctf a TNF^r^ a dlmtner of an extracellular por- 

tion pf th^ TNF receptor and the Fc portion of IgGi . en- 
hanced the mortality of patients with sepsis [140). Morta^ 
ity was 30% in the placebo group and as high as ^% in pa- 
tienls with the highest dose of sTNF-R/IgG [140], further 
supporting a role for TNTF-alpha in host defense against 
bacteria! infection. It has also been shown that deletion of 
the TNF gene or of TNF-R protected experimental ani- 
mals from the toxic effects of LPS» but impaired the clear- 
ance of bacteria from the lungs [141] and increased lethal- 
ity of infection [ 1 42). 

The use of corticosteroids in sepsis remains controversial. 



LPS-induced nutogenic effect or cyiokines with antibpdy^'fflmprospective, double blind clinical trials treatment with 



preparations HA-1 A or E-5. In another report [132];nei 
ther proteaive effects to LPS loodcity nor suppression of 
IW'OL induction vvas shown. AH these conflicting results 
have raised concern about the usefulness of further pursu- 
ing such studies. Recently^ D( Pitd&va and coworkers de- 
scribed monoclonal antibodies to core epitopes with ex- 
tended cross-reactivity to LPS. Interestingly, this Mab^was 
able to neutralize LPS-induced cytokines in vitro an|d to 
suppress endotoxic activity, assessed by fever ineasurement 
in rabbits and mortality in D-GalN-sensiti^cd mice [133). 
Neutralization of TNF-a and IL-l protects animals irop 
the toxic effects of LPS [47, 49] and otherwise fatal bact^ 
lemias. Phase I dinical trials with murine anti-human 
TNF<t antibodies have revedcd a balf'-Iife time of 52 h 
and few collateral effects [134]. However a pfdspecflvep 
double-blind, randomized clinical trial with inpnodonal 
anti-human TNF failed to reduce mortality in patients 
with sepsis [135]. This failure may be due to: 1) the con> 
plexity of pathogenesis, which involves many mediators; 
2) administration of antibodies when the cascade of in- 
flammation Has already been triggered; or 3) neutraliza- 
tion of possible protective effects of these cytokines in the 
overall outcome of infection. Altliough in sepsis the pres- 
ence of TNF-a has been associated with deleterious effects 
Qjcul a poor prognosis, and lis iBhihliion in experimental 
studies has led to protective effects m animals, there is an 
increasing body of evidence that the presence of TNF-a is 
crucial for host defense against infection. This role has 
been shown in infections due to Listeria monocytogenes 
[97], BOG [95I« cutaneous leishmaniasis [94] and also in 
experimental models of sepsis, such as £ typhmutrium 
{Miiov, FreMidmberg and Galanos^ unpublished observa- 
tions). Thus anli-TNF-a antibodies either did not protect 
or, on the contrary, enhanced the lethality of experimen- 
tal peritonitis [136, 137], Also» decreased production of 
TNF-ot by peritoneal macrophages of patients undergoing 
continuous ambulatory peritoneal dialysis has been asso- 
ciated with a higher incidence of peritonitis [138]. Blood 
cells of heavily infected patients exhilnt reduced TNF-re- 
sponse to LPS [139]. Moreover, some authors have failed 
to find a Imk between circulating levels of cytokines and 
outcome, while others have found the presence of circulat- 
ing TNF-a to be associated with an improved host re- 
sponse and better outcome in sepsis [98, 99]. Recently, the 



corticoids did not improve outcome in patients with sep- 
sis. On the contrary, there were more infectious complica- 
tions in patients treated with corticosteroids than in the 
contfp] group [143, 144]. ExpeTimentally, oonicosieroids 
have a protective effect in endoioxic shock. A possible ex- 
planation for these divergent flndingisis the liming of cor*^ 
:' ticosteroid adirunistration in experimental models com- 
|j pared to the clinical setting. Experimentally, protective ef- 
fecis-are seen when corticosteroids are injected before or 
5 cSfioomrtantly with LPS. In septic patients, corticosteroid 
, .administration may be delayed and only ^vcn when the 
" inflammatory cascade response has already been trig- 
gered. In support of this hypothesis, Galanos et al. [145] 
found, that, dcxame.thasone affords complete protection 
against the tpkic effects of LPS in D-OalN sensitized mice, 
when administered before LPS.Htwever> there Is no pro- 
tection when it'is injected 15 mtn or longer after LPS. Pre- 
tTeatment with dexamethasone affords protection against 
LPS by inhibiting TNF-a production, but has no protec- 
tive effea against aicliviiy of TNF-«, once this has been 
formed. It is concluded that corticosteroid-mediated pro- 
tection is due to the inhibition of the release of media- 
tor(s), an effect that is lost once the production of media- 
tor's) is under way [145]. 

CD 14, believed to represent an LPS receptor^ together 
with LBP enhances the sensitivity of the cells to LPS by the 
order of 100 to iDOO [39, 40] and is, therefore, a potential- 
ly important target of therapeutic simte^es. Blocking of 
the bindmg of the LPS-LBP complex to CDH by mono- 
clonal antibodies has been shovm to decrease the binding 
of LPS to macrophages, neutrophils atid even endothelial 
cells [40, 41]. Antibodies to LBP were reported lo have a 
protective effecragainst the twdc effects of and lipid 
A in eTcperimental animals- This effect Is believed lo be 
due to a significant decrease in TNF-oc production [43], 
Some proteins released by neutrophils have been reported 
as binding to and inactivating the LPS. Tlie most unportant 
of these is the bactericidal/permcability-increasing protein 
(BPI), a 55/60 kD protein, which shares a 45% homolo^ 
with LBP [146]. Besides neutralizing LPS, BP! is cytoto«c 
agai nsi gram-negative bacteria. Activity is due to the 25 kD 
N-termlnal regjon^ which has been produced as a rerombi- 
nani 23 kD fragment CrBP123) [147], Injection of rBPT23 
protected mice f ronri LPS-induced tissue damage and dea^ 
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(93% survival in rBPl23 group vs J3% in conWgtpop 
and reduced LPS-induced TNF and IL-1 production [148]- 
Also, a number of lipid A analogues with a iow toxidtjr 
may qualify as poicntially compelilive antagonists of LPS. 
One of these. lipid X, suppresses LPS aaivation of neu- 
trophils and protects against LPS toxicity. The lipid X pf 
Khodops^udomcnas sphaeroides^ a lipid A of very low 
toxicity II49J. also protected experimental animals against 
the fatal effects of LPS [150]. In addition, this molecule 
was able to induce tolerance to LPS [l5l]. 
NO, a potent vasodilator, plays a pivotal role in septic 
shoA. it is produced by NO ^^^'^^J^^lf^^ 
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tsoforrns. Constitutive Isofonns (cNOS) are expressed in 
neuronal (type I) or endothelial (type III^ cells and indu- 
cible (iNOS) are expressed in many cells, including mac- 
Tophivges I152J. While cNOS are responsible for the reac- 
tions of organic homeostasis, INOS is involved in situa- 
tions of stress, such as those induced hy LPS or cytokines 
[153]. Non-selective inhibition ofthe inducible isofoim ap- 
pears to explain the lack of beneficial effects seen in e3c* 
peritnental studies using NO synthase inhibitorS'[l54]. 
One inhibitori N-monometbyl-L<arginin (L-NMMA), has 
been used in clinical trials. Tn 12 patients with sepsis, Lr . 
NMMA induced a significant increase in mean arterial 
pressure and systemic and pulmonary resistance, but also 
caused a reduction in cardiac output and tissue oxygen upr 
take [155], Methylene blue, an inhibitor of giianilato cy- 
clase, ameliorate hemodynamic parameters in two pa- 
tients without preventing death [15^. Selective inhibitors 
ofthe WOS could present promising therapeutic options. 
S-methylisothiourea (SMT) and aminoguanidine, two in- 
hibitors of NOS with selectivity of INOS, prevented rats 
from pulmonary transvascolar flux after injection of LPS 
[157], Prolonged survival of rats Infected with £ coUv^s 
observed with SMT, while a high dose of NG-niiro-L-argi- 
nine meU)yl ester (L-NAME), an iu^^ibitor of constitutive 
and inducible forms of NOS, sgnificantly shortened sur^- 
val thnes [158]. Enhanced lethality with L-NAME was al- 
so observed in mice injected intraperitoneally with E, cali 
[159]. However, even S-etliylisothiourea and 2:amino-:5»6- 
dihydro-6-methyMH'l,3-ihiazine, two t*NOS inhibitors* 
tvere shown to increase lethah'ty of rats exposed 10 LPS in 
one study [160], Pretreatment with L-argintne cptild pre- 
vent mortality T;nthout affecting the iNOS^dependent NO 
production, thus suggesting that toxicity was due to inhibi- 
tion of other NOS isofonns (neuronal or endothelial). It 
has been suggested that iNOS inhibitors of greater selec- 
tivity may be needed for therapeutic use [1 60]: 
Other approaches for the tneatment of sepsis are ctirrently 
under investigation. Overall results are still discouraging. 
This tnay be due to the coniplexity of the pathogenic pro- 
cess of sepsis. However, a better understaodihg of the 
mechanisms Involved in this dramatic medical emergency 
open up new perspectives for therapeutic approaches, in 
addition to antimlcrol^at treatment, that may result in a re* 
duction in the high mortattty associated with this syndrome. 
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Clinical Trials of a Matrix Metalloproteinase 
Inhibitor in Human Periodontal Disease 

ROBERT A. ASHISY^ AND THE SDD CUNICAL RESEARCH TEAM 
CoUaGenex PhatTnaccuttvals, Inc„ Newtown, Pennsylvania 1H940, USA 



ABSTRACT: After demoustratlon by Golob at of tfie ability of the tetracy- 
clines io inhihU elevated colUgenoIytic Activity in animBl models of periodftntal 
dUeaKcjH a clinical dev^opment program was tnitiated Co demonstrate the po* 
le&tial of a subantimicrobial do^ of doxycy dine (SDD) to angment and main, 
tain the Improvements in clinical parameters of adult penodonlili$ (AP) 
afforded by conventional nonsurgical periodontal therapy. Clinical trials were 
carried out in which a number of different SDD dosing regimens and placebo 
were compared hi patients administered a variety of adjunctive nonsurgical 
therapies. Measured parameters Induded levels of collagenaM: activity in ^in- 
pval crcvicttlar fhiid (GCF) and gingival specimens, clinical attachment levels 
(cALv), probing pocket depths (PD)» bleeding on probhig (BOD^ and subtrac- 
tioh radiographic measurements! of alveolar bone height. When used a.^ an ad- 
junct to either scaling and root planhig or supra^ngival scaling and dental 
prophylaxis, SDD was shown to reduce coUagenase levels in both CCF and gin- 
^val biopsies, to augment and maintain cALv galmt and PD reductions, to re- 
duce BOP, and to prevent loss of alveolar bone height. These clinical responses 
arose in the alisence of any signiTicant effects on the subgingival microflora and 
without evidence of an Increase in the hicidence or severity of adverse reactions 
relative to the control groups. It Is proposed that one of the mechanisms of ac- 
tion of SDD is as an inhibitor of pathologically elevated MMPs, including neu- 
fa-ophil oud bone ceH coliagenaseR (MMP-B and MMP-13), which are 
associated with the host rcKponiie in chnmic AP, and tliat SDD provides a novel 
syiitcmic approach Id the management of AP. 



INTRODUCTION 

Periodomitis is Hxe most common cause of adult tooth loss in the United States.^ 
A reoirrlng and site-specific condition, periodontitis involves inflammation of the 
gingiva together with loss of clinical attachment caused by the destruction of the pe- 
riodontal suppon structures and alveolar bonc.^ 

Although bacteria arc necessary for initialing periodontitis, hosi responses are in 
large part rcijponsiblc for the destruction of the periodontal support structures.^ In 
patients with periodontitis, patliologic overactivity of host-derived matrix metallo- 
proteinases (MMPs) occiirs in response to the biicterial infection in the periodontal 
tissues. Hiis leads to the excessive destruction of collagen, the primary structural 
component of the periodontal matrix.^ In turn, MMP-mediatcd dcMruciion of con- 
nective tissue collagen leads to gingival recession, pocket fpnnation» and tuoth nio* 



T ^^Addrc5S for correspondcDcc: Robert A. Ashley, CoUaGenex Fbaithaceullcals, Inc.; 301 
South State Sifcct, Ncwinwrt, Pcnosylyaiiia 18WP. pbf>n?, 215/579:7388; fax. 215/579-8577; 
•o-inail;r^@collagciiex^ V'""" 



J AN-, 6-00 THU 15:33 



DUPONT PHARHA 



FAX NO. 302 695 1173 




C 



ANNALS NEW YORK ACADEMY Of SCIENCES 
bility. in the absence of appropriate therapy, tooth loss may occur in advanced 

dures thai conirol the ^cali^d baclenal jntouon by p^^^^^^ y 

and calculus. Although mcchamcal P-^^J"^ 'jJ^Sry ^^^^^ '^"^'^ 
d,c progression of periodontal disease, padiologSc 

brtrsrrr:iri;^^^^^^^^^ -t- 

reduce the bacteria! »oaa wniie j.. approach to ueaimcnt uulizes mc 

is aJsMJ briefly summarized. 

METHODS 

Dose-Ranging Study 

A li clinical trial was conducted by Golub et at" lo select the opUmal dos- 

^Whftut inducine doxycyclinc i<is1slance ii» microorganismii and part of the study « . 

nSw included in the study provided informed written consent. A total of 15 adutt 
5S ^iSlc^^iitis ll.c:. exhibiiing pbckets with repeatedly ele>^^ 
S^olSbnSacu%)Ween«>ncd^ 
^gt^op. 12-week study. Paiicntfw^^^^ 
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u . A f.f OCF collaeenasc activity. At the baseline visit, patients re- 
various dosine r=si»««< of SPD or |>1«»*« for 

.1 tod,n« »d >t 2; «■ ° J „,„ , Plod*! PK*. «i>l> «« "l>'<^ 

cyclinc-imprcgnaled (3(^^g) di^k^ calculated using sample siie as 

analysis of variance or covariancc as appropnaie. 

Efficm^ and Srfety Studies 
To evaluate the safety and efficacy of adjunctive SDD J" ^^^^j^^^^jj^^^^^^ 

sluOies proviaea miy ^.^^ins visit, at the baseline visit, and throughout the 

patho bgy cxammalion at ine screening vism *i uiu u* „ a i „ nnd PD were 

™«n« «;,. »mp.Ll «.»ic=ny wi*i-.> " 

each sludv silc Obtained acceptable percent rcliabdity. . . • u 

each !,luay ooiaincu »' r^^. „r^p evaluated in conjunction wnb su- 
in Arce of the studies. ^ ^^"^^Jj^l^^^ ^ told of 437 pWienls with din- 
nraeineival scaling and dental prophylaxis (^surj. a lowu oi tj# i^o 
f^Kiencc of periodontitis (i e.. at least two tooth riles w .thcALv and PD herwecn 
5 and 9 mm inclSivc that bled on probing) were 

rr-.v-d SSDP rao-minute scaUng to lemovc supragmgival plaque and caicuius loi 
Sd by?^ h pS^ig withVophylaxis poste and a rotary 
Sne viU and'thereafter at 6-nu,nth '"""^'^.^f '^^.^"^^^^^ 

MTtt^^ha (n - 1 19^. KDD 10 mg oncc daily (w = 80), SDD l^> mg nnce aauy 
I rn9).t DD S. mg twice daily (« = 1 19) for 12 months. Patients were h^trucl- 
ed lo S study inedication once in d^e morning and once ,n the evcmng. 1 hour be- 

fe,; «iln» al aoproximately 12-hour intervals. For patients receiving SDD once 

S^ilSi^^^Sci^itainedSE^^ 

*^'ln a fourth study, the efficacy of SOD; w4S evaluated in coiijuncoon with scaling 
aBd nirt S A total of l90.adnu patients with evidence or^npdonims 
JTe ^1 V «^d oroliini PO between 5 an49. mm. inclusive; with blccdms onp^ob- 
' "i'S^^Km S within each^^f two quadrants "MJ^. 
, Sj^Patienls received SRP at ihe bascline>|sil. SRP was perfor^n^ or^the qual,-; 
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fving quadrants by the same therapist at each study center, with up to 1 hour allowed 
Sr q u'adrant. until the tooth and root surfaces we« viSOaHy ^^^^f^^'^^^ 
all deposits. Patieats were then randomly allocated to receive either placebo (n - 94) 
or SDD 20 mg twice daily (n = 96) for 9 months. 

Patients were evaluated after 6 and 12 months of treatment (SSDP studies) or af- 
ter 3. 6. and 9 months of treatinent (SRP study). In alt s(jid.es, f«"«=y "^^^^."r 
clud;d (i) the change in cALv from baseline. (2) the change '^^^^ ^^^^^ 
and (3) the penrentagc of tooth sites widi bleeding on probing (BOP). Efficacy end- 
jSnis we«evaluatSl by manual p~bing at six sites ««und each too h m the Ml 
mouth (SSDP studies) or within qualifyins quadrants (SW» study) ToolhsUes were 
stratified according to AAP criteria of disease severity at baseline (no disease, base- 
line PD 0 to 3 mm; nmd-lo-moderate disease, baseline PD 4 to 6 nun; severe disoue. 

baseUnePDa7mm). Baseline diseasescvcrity was determined as the ave^^^ 
plicate measurements on a given too* site by manual probing. If the difference be- 
fween measurements was greater than 2 mm, a repeat measurement was made, and 
the two closest measurements were averaged to obtain the baschne value. 

In the SSDP studies, tooth sites with rapidly progressing disease (e.g.. atUchment 
loss of 3 mm or more from baseline to month 6 as measured by manual probing) 
were discontinued from the study and subjected to mechanical Ihcraw (typicdly 
SRP). Patients continued to receive adjunctive SDD or adjunctive placebo after me- 
chanical dierapy for the remaimler of the treatment penod. 

Adverse events were recorded in patient diaries, lepoitod at patient interviews, 
and reported in monthly phone calls. Laboratory tests were performed at (he scieen- 
ing visit and Ihroughout the treatment period. 

For microbial assessments, subgingival plaque samples were collected atmultiple 
time points using endodonuc paper-points. typical microscopic (eg,. darWield mi- 
croscopy) and culture-based techniques (e.g., enumeration of microbes on sdeclive 
and nonsclcclive media) were used to determine the proportion of distinct cellular 
moiphotypes and to evaluate shifts in the normal periodontal flora, respectively. 
Agar dJtelon » agar gradient eludon methods were used to a.«ssess the suscepubility 
of llie periodontal microflora to doxycycline and other antibiotics. 

All treatment group comparisons were performed on the intem-to-lrcai popula- 
Uon (I e.. the populaUon recehring study medicadon for ai least 1 day and havmg at 
leaf* one efficacy measurement). Treatment conq)arisons were performed using a 
lasl-obscrvaUott-carried-forward algorithm (LOCP) to impute missing data at each 
time point In the SSDP studies, patients were evaluated as a single population, with 
the results presented by treatment group. Trealment group conqian^ns of the per- 
site efficacy variables were carried out using generalized estimating equauon regres- 
sion techniques.'^'"* With respect to tooth sites with rapidly progressing disease, the 
data collected from sites after local therapy were evaluated separately. Forfte pn- 
inwy analysis, these data were replaced by imputed values based on LQCF tepii- 
' :''niq«ies^ , '. •■ ' '■■■y ' .'■'l.'- ' ■ r,-^'^: . v.-^ ■ 

' in the SRP snidy. treatment group cornparisons were performwi cm per-patiej^ 
^ variables. The least square means (or means expressed as percentage.'!) aid standard, 
V; errors were calculated using an ap^priate analysis-of-vanaiice^m^^ 
• parameters weia assessed usltigtw*:*^ 
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For all studies* differences between treatment groups were considered statistical- 
ly significant when the probabUity of aiypc I error was less than 5% (p < 0.05). 

RESULTS 

Dose-Snnging Study 

Over time all treatment groups demonstrated reductions in GCF collagcnase. 
with mean values approaching Icvch associated with healthy gingiva after 4 weeks 
of treatment'^''^ At weelc 12, mean levels of GCF coll agenasc were significandy re- 
duced from elevated baseline levels in patients receiving SDD 20 mg twice daily 
(Group \\p< 0.05), For the group receiving SDD 20 mg twice daily (Group 1), the 
peiecnt decrease in activity from baseline was 47-3% versus 29.1% for die group re- 
ceiving placed (PiG. 1). -AT 

The effect of SDD on rALv also is shown in FlGURB 1. Improvcinenis m rALv 
were greatest in the treatmcn! groups receiving doxycyclinc,20 once or twice 
daily, throughout die entire IZ-weck course of the study. 

Treatment widi SDD for 12 weeks did not lead to the emei-gcncc of doxycyclme 
resistance of Uie subgingival microflora; post-lrcaUnent isolates remained suscepti- 
ble to 3 fig/ml of doxycycline (a concentration approximating die levels of scrum 
doxycyclinc following an antibiotic dosage [200 mg/day]). 
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HGURE 1. Effect of SDD on GCF cuUagenasc activity and rALv. Pauenis received 
placebo or SDD as described in the Moihods sectioa. Group 1 : SDD 20 mg iwice daUy xl2 
weeks; Group 2: SDD 20 mg twice daily x 4 weeks then 20 mg once d^ly x 8 weeks; 
Group 3: SDD 20 mg twice daily x 4 weelui dien placebo X 8 wccbt; Group 4: SDD 20 mg 
once daily X 12 weeks; Group 5: placebo. SDD = snbaniimicrobial dote.doxycycUnc; GCF 
e gingival crevieular fluid; rALv « rdaUve attachment level. 
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Effieiuy mi Safety StudUs 
Efficacy Results cfSSDP Studies 

the groups receiving ciiher SUD lU mg ,tmcnt differences were demon- 

ed for both treatment groups, pre.-«iinably owmg W^^^^ 

at baseltoc and month 6. However. ™i adjunctive SDD we,« 

(baseline PD 4 lo 6 mm), allachmcnt gains ''^'"'^^^'^^^^ placebo, 
iigoificantly greater than •"-^""-l^";",^'^?^^:^^^ 

Sfs^ lift a-iu.«iv.pl-b. 0, <«■'» •SjSSS^em.n-s i. oAUv Co™ 
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reduced PD by 139 mm, v^licrcas treatment with adjunctive placebo reduced PD by 
0.96 mm (p < 0.01 versus placebo). 

Attachment loss during the first 6 months of the study of 3 mm or more for which 
att investigator rcscomroended SR? at the 6-monrb time point was demonstrated in 52 
tooth sites in 9 patients rccdving adjurwtive placebo versus 14 tooth ssites in 9 pa- 
tients receiving adjunctive SDD. This corresponded to a 73% reduction in the inci- 
dence of rapid progression of periodontitis. In tooth sites with rapidly progressing 
disease that were subjected to SRP* the average attachment gain was significantly 
greater in the adjunctive SDD group than in the adjunctive placebo group (Fic. 2). 
At 12 months, the mean gain in cAI-v was 2,16 mm willi a£ljuncUve SDD and 0.78 
mm with adjunctive placebo (p < 0.01 versus placebo). 

With respect to BOP, significant improvements from baseline were demonstrated 
for the adjunctive SDD group after 12 months of treatment compared with the ad- 
junctive placebo group in tooth sites with no disease (SDD [26.3%] versus placebo 
[31.4%]), in tooth sites with mild-to-modcralc disease (SDD [52.3%] vchjus placebo 
[60.9%]), and in tooth sites with severe disease (SDD 169.1%J versus placebo, 
I79.5%j)(allp<0.05). 



TABLE 1. Effect of adjunctive SDD on the mean per-patlent average change In cALv 
from baselme (SRF stady)^ 



Baseline PD 




Mean change (± 5EM) in cALv from baseline (ami) 




Munih3 


Month 6 


Mimih 9 


Placebo 


SDD 


Placebo 


SDD 


Placebo 


SDD 


0 to 3 mm 


.-0.14 


-0.22 


-0.21 


-0.25 


-0J20 


-0.25 




(0.03) 


(0.03) 


(0.03) 


(0.03) 


(0.03) 


(0.03) 




n^n 


R»90 


« =93 


ii»90 


/i = 93 


n«90 


4 te 6 mm 


-0.71 


-0,86*^ 


-0.83 


-0.98^ 


-0.86 


-1.03'^ 




(0.05) 


(0.05) 


(0.05) 


(0.05) 


(0.05) 


(0.05) 




n^92 


n^90 


ns93 


/i = 90 


11 = 93 


#is90 




-0.91 


-1.38^ 


-1.14 


-1,59^ 


-1.17 


-1.55«^ 




(0.10) 


(0.10) 


(0.13) 


(0.13) 


(0.13) 


(0.13) 




f? = 78 


n«79 


. 11 = 78 


;i = 79 




rt = 79 



Negative change from. baseline imlicatea attachtncni gaia or improvcmcoi from baseline. 
^«1ue$ ntpiesent the least-square means adjusted for invesd^ator and baseline average. 

7x0.05 vcreus placebo,.:'/ ; -V;.. • 
^ < 0.01 versus placebo. 

ADDRCViATtONS: cALy ^ cUnica] attachmeal level; PD &s probing depth; jiDD s 4ab«nrimicro- 
-bialdoicycycline. J,'-.-': 
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TABLE Effed of adjunctive SDP on the mean per-patlent average change in PD 
from baseline (SRP study)* * ^ 



ASHE 

(p<i 
tivep 



V 



Ba^eUnc PD 


Month 3 


Moath6 


Month 9 


Placebo 




Placebo 


SDD 


Placebo 


SDD 


0 Co 3 mm 


-0.03 


-0.12*^ 


-0.07 


-0.16'^ 


-0.05 


-0.16' 




(0.02) 


(0.02) 


(0.02) 


(0.02) 


(0.02) 


(0.02) 






fi^^ 




n = 90 


n = 93 


A==90 


4 to 6 mm 


-0,60 


-0.82*^ 


-0.68 


-0.91^ 


-0,69 


-0.95^ 




(0.05) 


(0.05) 


(0.05) 


(0.05) 


(0.05) 


(0.05) 




n = 92 


« = 90 


« = 93 


ft = 90 


n = 93 


rt«90 


^7 mm 


-0.93 


-1.55^ 


-1.14 


-1.75^ 


-1.20 


-1,68« 




(0.10) 


(0.10) 


(0.12) 


(0.12) 


(0.12) 


(0.12) 




n = 78 


n3i79 


n«78 


a = 79 


rt = 78 


a = 79 



1. 



<^egafcive change from bdsdine indicates PD decxease of improveroeot Cn>m baseline. 
H^alues repreeenl the lea^t^square mcanft adjusted for invesiigator and ha.wUn6 average. 

< 0.0 1 versus placebo. 
AanRBViATioKS: PD s piobiAg depth; SDD = auboniimicrobial dose dnxyeycluie. 
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Efficacy Results of SRP Studies 

In general, improvements in cALv from baseline were demonstrated for the ad- 
junctive SDD ircalment group and the adjunctive placebo group, presumably owing 
10 the course of SRP administered ai the baseline visit However, the mean attach- 
ment gains were significandy greater with adjunctive SDO (han widi adjunctive pla* 
cebo in tooth sites with mild-to-modcralc disease (all;> < O.OS) and in tooth sites with 
severe disease (all p < 0.05) after 3, 6, and 9 months of treatment. The mean per- 
patient average change in cALv from baseline for each disease stratum ts shown in 
Table 1. 

Reductions in PD from baseline also were demonstrated for both treatment 
groups, presumably owing to the course of SRP administered at baseline. However, 
tlie mean reductions in PD were significimlly greater with adjunctive SDD than with 
adjunctive placebo at evety time point in tooth sites with riuld-to-moderare disease 
(all p < 0.001) and tooth sites widi severe disease (all p < 0.01) after 3, 6, and 9 
months of treatment (T ABLE 2). 

Adjunctive SDD reduced die incidence of BOP in tooth sites with no disease and 
in tooth sitbs with mild-to-moderaie disease compared with adjunctive placebo (all 
p < 0.05). SigniGcant treatment differences were demonstrated between adjunctive 
SDD and adjunctive plaet^ after 3, 6, and 9 months in tooth sites with np disease 
(all p < 0,05) and after 9 months in tooth sites with mild-to-moderate disease 
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(0.02) 
n = 9a 

-0.95*' 
(0.05) 

(0,1^) 
n^l9 



5ctine. 
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oth sites with 
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n 15 shuwA in 

3th treatment 
inc. However, 
DD than with 
Jcrate disease 
ST 3, 6, and 9 

10 disease and 
e placebo (all 
^n adjunctive 
ilh no disease 
derate disease 



(p < 0,05). In sites with severe disease, a trend favoring adjunctive SDD over adjunc- 
tive placebo was noted. 

Safety Results of SSDP and SRP Studies 

A total of 428 patients (those patients receiving SDD 20 mg twice daily or place- 
bo) were included in the safety analysis. Treatment with adjunctive SDD was well 
tolerated. The percentage of patients discontinuing nreatment with adjunctive SDD 
due to adverse events of all causes was similar to that for placebo (6% versus 7%, 
respectively). The nature of adverfse events leading to study discontinuation did not 
differ between the treatment groups. 

The most frequent adverse events of all causes arc shown in Table 3- Adverse 
cventt were generally transient and mild to moderate in severity. For both treatment 
groups, the most commonly rcpozlcd adverse event was headache, followed by the 
common cold and (lu symptoms. Patienu randomized to placebo reported a slightly 
higher inci4^qc^ or flW $yn\ptpms, toothache, and periodontal abscess than padents 
randomized to SDD. No clinically meaningful difTocnccs in (he incidence of ad- 
verse events related to the gastrointestinal tract, urogenital Tract, or the .skin were not- 
ed between $DD and placebo. Between the two groups, no clinically meaningful 
differences in laboratoiy parameters were demonstrated. 



TABLE 3. Incidence of the most common adverse events of aO causes (^5% for either 
treatment group) 



Adverse event 


SDD 20 mg bid 


Placebo 




(n=213) 


(fi = 215) 


Headache 


26% 


7J6% 


Common cold 




21% 


Flu symptoms 


n% 


19% 


Toolhacbe 


1% 


13% 


Periodontal abscess 


4% 


10% 


Tooth disorder 


6% 


9% 


Nausea 


%% 


6% 


Sinusitis 


3% 


%% 


Injuiy 


5% 


Z% 


Dyspepsia 


6% 


2% 


Sote throat 


5% 


6% 


Joint pain 


6% 


i% 


diarrhea 




4% 


Sinus congestion 


5% 


5% 


• ' Coughidg 


4% 


5% 



SDD f Stibaminucrotyiot dose lioxycycline. 
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Microbiology Results ofSSDP and SRP Studies 

In gCAcral, the results of the studies demonstrate that treatment with adjunctive 
SDD 20 mg twice daily for. up to 12 months did not result in a detrimental shift in 
the periodontal flora. The U3C of adjunctive SDD did not result in the colonization or 
overgrowth of periodontal flora by periodontal or opportunistic pathogens, including 
yeast and enteric microorganisms. Moreover, treatment with adjunctive SDD did not 
lead to the emergence of doxycycliae resistance or multiantibiotic resistance of the 
subgingival microflora. No replacement or overgrowth of ihc periodontal flora by 
doxycycline-resisiant bacteria or yeast was demonstrated. 



DISCUSSION 

Periodonlopaihic bacteria and desuvctive host responses arc involved in the ini- 
tiation and progression of AP. Therefore^ the succefisful long-term management of 
AP may require an approach lo treatment that Integrates therapies that address t>oth 
eciologic components. In the studies described, SDD was used as a systemic adjunct 
to antimicrobial mechanical interventions in patients with AP. Improvements in pe- 
riodontal parameters attributable to treatment with SDD lilcely arise, at least in part, 
from reductions in the activity of neutrophil collagenasc (MMP-8), as shown previ- 
ously,^^ and confirmed in the Phase It study conducted in patients widi AP. 

The results of the large-scale, Phase III studies demonstrate that adjunctive SDD 
improves the efficacy of mechanical interventions routinely used in treating AP in its 
initial stages. In the combined SSDP studies, treatment with adjunctive SDD result- 
ed in significantly greater gains in attachment than did treatment with adjunctive pla- 
cebo (all p < 0.05). Moreover, improvements in cALv were paralleled by similar 
improvements in PD; significant reductions in PD were demonstrated in the adjunc- 
tive SDD group compared with the adjunctive placebo group (all p < 0.05). 

Likewise, in the SRP study, significantly greater improvements in cALv and PD 
were demonstrated with adjunctive SDD than with adjunctive placebo. Improve- 
ments from baseline were up lo 52% greater for cALv and up lo 67% greater for PD 
with adjuncdve SDD than improvements with adjunctive placebo. Furthermore, im- 
provements in clinical parameters were demonstrated with SQD after only 3 months 
of daily use, and attachment gains and redactions in pocket depth were maintained 
at 9 months of treatment with SDD. 

In all Phase III studies, improvements in BOP were demonstrated widi SDD 20 
mg twice daily compared widi placebo. Improvements in BOP are most likely attrib* 
utable to improvements in the integrity of the collagen structure at the base of the 
periodontal pocket rather than to an anti-inflammatory cfTcct. 

The present studies also demonstrate that tooth sites with rapidly progressing diS' 
ease benefit from treatment with adjunctive SDD. It is likely that paticnis who are 
highly susceptible to rapidly progressing periodontitis (e.g. , those with dysfunction- 
al host responses) and patients with tooth sites refractory to traditional therapies will 
respond favorably to adjunctive SDD. Evaluating the etficacy and safety of SDD as 
an adjunct to surgical interventions is a subject of future research. 

In general, adjuncth^e SDD was well tolerated in these stvdics» with a low inci' 
dence of discontinuadons due to adverse events. With respect to microbial paranic- 
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ters, treatment with SDD did not alter the dynamics of the subgingival microflora, 
nor did treatment wilh SDD lead to (he emergence of doxycycline resistance or mul- 
tiantibiotic resistance of the subgingival microflora. 

To our knowledge, these studies represent the first demonstration of the clinical 
utility of chronic administration of an MMP inhibitor in a laigc, Phase III, patient 
population. These studies provided the basis for the approval of the U.S. Food and 
Drug Administration to market SDD in the United States uzider (he Irade name 
Perio$:tat®. PerioslHt is the only MMP inhibitor currently approved for marketing in 
the United States and is the only product demonstrated to modulate host responses 
in chronic AP. 

When used as an adjunct to mechanical procedures in patients with AP, SDD is a 
wcll-tolcrated» systemic treatment that significaatly improves several indices of pe« 
riodontal health compared with placebo. SDD, an ijdiibitur of tissue-destructive 
MMPs in periodontal tissues* may have clinical utility in the treatment of destructive 
periodontal diseases. 
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Abstract 

The matrix metalloproteinases (MMPs) are a family of at least 14 zinc-dependent enzymes which are known to degrade the protein 
components of extracellular matrix. In adddition, MMPs and related enzymes can also process a number of cell surface cytokines, 
receptors, and other soluble proteins. In particular we have shown that the release of the pro-inflammatory cytokine, tumor necrosis 
factor-a, from its membrane-bound precursor is an MMP-dependent process. MMPs are expressed by the inflammatory cells which are 
associated with CNS lesions in animal models of multiple sclerosis (MS) and in tissue from patients with the disease. MMP expression 
will contribute to the tissue destruction and inflammation in MS. Drugs which inhibit MMP activity are effective in animal models of MS 
and may prove to be useful therapies in the clinic. 

Keywords: Matrix metalloproteinase; Tumor necrosis factor; Multiple sclerosis 



membrane anchored proinflammatory cytokine) and a-1 
antitrypsin (an enzyme inhibitor). 

MMPs have the potential for massive tissue destruction, 
and so it is not surprising that their expression and activity 
is tightly regulated (Docherty et al., 1992). Often, MMPs 
are only expressed following activation or stimulation of 
cells. Moreover, MMPs are initially expressed as zymo- 
gens which require processing to expose the active cat- 
alytic site. This processing step can be achieved by the 
action of MMPs or other enzymes such as plasmin. Once 
activated, MMPs are subject to inhibition by tissue in- 
hibitors of metalloproteinases (TIMPs) or by plasma pro- 
teins such as a 2-macroglobulin. Despite these controls, 
excessive MMP production and activation is thought to be 
a key feature of the pathology of many inflammatory and 
malignant diseases. 



2. Metalloproteinase inhibitors 

MMPs have" been a target for the pharmaceutical indus- 
try for many years and a number of substrate-based pseu- 
dopeptide inhibitors have been described (reviewed by 

0165-5728/97/$15.00 Copyright © 1997 Elsevier Science B.V. All rights reserved, 
P// 80165-5728(96)00179-8 



1. Metalfoproteinases 

The metalloproteinases (MPs) are a large family of 
enzymes which contain a zinc atom in the active site of 
their catalytic domain (Rawlings and Barrett, 1995). The 
matrix metalloproteinases (MMPs) are a distinct sub-group 
of MPs which includes the coUagenases, gelatinases, 
stromelysins, membrane-type metalloproteinases, ma- 
trilysin and metalloelastase (Birkedal-Hansen et al., 1993). 
The MMPs generally have broad, but not necessarily over- 
lapping, substrate specificities. Classically MMP substrates 
include matrix proteins such as collagen, elastin and fi- 
bronectin. However, recent work has extended their targets 
to include pro-forms of MMPs, enzyme inhibitors and 
even the cell bound precursors of cytokines and cytokine 
receptors (reviewed in Table 1). Fig. 1 illustrates the 
cleavage by MMPs of representative substrates: gelatin 
(matrix protein), myelin basic protein (major protein of the 
myelin sheath) pro-tumor necrosis factor-a (TNF) (a 
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Table I 

MMP's and their substrates 

Interstitial collagenase: 
(MMP-1) 



Neutrophil collagenase: 
(MMP-8) 

Collagcnase-B: (MMP- 
13) 

72 kDa gelatinase: 
(MMP-2) 



92 kDa gelatinase: MMP- 
9 



Stromelysin-l: (MMP-3) 



Stromelysin-2: (MMP- 
10) 



Stromelysin-3: (MMP- 
11) 

Matrilysin: (MMP-7) 



Macrophage metalloelas- 
tase: (MMP-1 2) 

MT-MMP-1: (MMP-14) 

MT-MMP-2: (MMP.15) 
MT-MMP-3: (MMP-1 6) 
MT-MMP^: (MMP-1 7) 



Collagens I, II, III. VII. VIII, X (Welgus et al., 1990a,b; Sires et al.. 1995a,b) (III :» I). Gelatin; aggrecan (Fosang et al, 
1993) versican (Perides et al., 1995) proteoglycan link protein (Nguyen et al., 1993), casein; a, -antitrypsin/ a, -proteinase 
inhibitor (a, -AT) (Sires et al.. 1994; Desrochers et al., 1991; Mast et al., 1991), a , -antichymotrypsin (a,-ACHYM) 
(Desrochers et al., 1991; Mast et al., 1991) aj^^^^'Oglobulin; rat q;,M; pregnancy zone protein; a, -inhibitor 3 (ajlj); 
ovostatin; entactin (nidogen) (Sires et al., 1993) myelin basic protein (MBP) (Chandler et al., 1995), TNF precursor (Gearing 
et al.. 1994), L-selectin (Preece et al., 1996) MMP-2 (Crabbe et al., 1994a); MMP-9 (Sang et al.. 1995) 
Collagens I, II. Ill, V (Murphy et al., 1982), VII, VIII. X (I » III). Gelatin; aggrecan (Fosang et al., 1993, 1994) a, -AT 
(Desrochers et al., 1992); a,-ACHYM (Desrochers et al., 1992); aj-^n^plasmin (Knauper et al., 1993a); fibronectin 
(Tschesche et al.. 1992) 

Collagens I. II. Ill (II > 1 or III) (Freije et al., 1994; Knauper et al., 1996a). Gelatin (Knaiq>er et al.. 1996a); apACHYM 
(Knauper et al., 1996a); plasminogen activator inhibitor 2 (Knauper et al., 1996a); aggrecan (Fosang et al., 1996); perlecan 
(Whitelock et al., 1996) 

Collagens I (Aimes and (Juigley, 1995). IV (Murphy et al., 1991), V. VII. X (Welgus et al., 1990a), XI. XIV (Sires et al, 
1995a). Gelatin; elastin (Muiphy et al., 1991; Senior et al., 1991); fibronectin; aggrecan (Fosang et al., 1992); versican 
(Perides et al., 1995); proteoglycan link protein (Nguyen et al., 1993); MBP (Chandler et al., 1995); A^ 1-40 (42) (Roher et 
al., 1994); A^ 10-20 (Miyazaki et al.. 1993). .^P 695 (LePage et a!., 1995); TNF precursor (Gearing et al., 1994); a, -AT 
(Mast et al., 1991); prolysyl oxidase fusion protein (Panchenko et al., 1996) MMP-1 (Crabbe et al., 1994a); MMP-9 (Fridman 
et al., 1995) 

Collagens IV (Muiphy et al., 1991). V (Murphy et al.. 1982), VII, X (Welgus et al., 1990a; Welgus et al.. 1990b), XIV (COL 
1 domain) (Sires et al., 1995a; Sires et al., 1995b). Gelatin; elastin (Murphy et al., 1991; Senior et al., 1991); aggrecan 
(Fosang et al., 1992); versican (Perides et al., 1995); proteoglycan link protein (Nguyen et al., 1993); fibronectin (Tschesche 
et al.. 1992); entactin (Sires et al., 1993); a,-AT (Desrochers et al.. 1992; Sires et al., 1994); MBP (Chandler et al., 1995); 
TNF precursor (Gearing et al.. 1994) 

Collagens III (weak). IV (Murphy et al.. 1991). V. IX, X. Gelatin; aggrecan (Fosang et al., 1991, 1992); versican (Perides et 
al., 1995); perlecan (Whitelock et al., 1996); proteoglycan link protein (Nguyen et al., 1993); fibronectin; laminin; elastin 
(Murphy et al., 1991); casein (Windsor et al., 1993); a,-AT (Sires et al., 1994; Mast et al., 1991); ff,-ACHYM (Mast et al.. 
1991); antithrombin-III (Mast et al.. 1991); a^U; ovostatin; Substance P; MBP (Chandler et al., 1995) TNF precursor 
(Gearing et al., 1994); MMP-1 (Muiphy et al., 1987); MMP-2/TIMP-2 complex (Miyazaki et al., 1992); MMP-7 (Imai et al., 
1995); MMP-8 (Knauper et al., 1993b); MMP-9 (Shapiro et al., 1995); MMP-13 (Knauper et al., 1996a) 
Collagens III (Nicholson et al., 1989), IV (Nicholson et al., 1989; Murphy et al., 1991), V (Nicholson et al., 1989) Gelatin 
(Nicholson et al., 1989); casein (Windsor et al., 1993; Nicholson et al., 1989); aggrecan (Fosang et al., 1991); elastin 
(Murphy et al., 1991); proteoglycan link protein (Nguyen et al.. 1993); fibronectin (Nicholson et al., 1989);. MMP-1 (Windsor 
et al., 1993); MMP-8 (Knauper et al., 1996b) 

Human enzyme: or, -AT (Noel et al., 1995); a2M (Pei et al.. 1994); casein (Pei et al., 1994) mouse enzyme; casein, laminin. 
fibronectin, gelatin, collagen IV and caiboxymethylated transferrin (Murphy et al.. 1993) 

Collagens IV (Miyazaki et al.. 1990; Muiphy et al.. 1991). X (Sires et al., 1995a.b). Gelatin (Miyazaki et al.. 1990); aggrecan 
(Fosang et al., 1992); proteoglycan link protein (Nguyen et al., 1993); fibronectin and laminin (Miyazaki et al., 1990); 
insoluble fibronectin fibrils (von Bredow et al., 1995); entactin (Sires et al., 1993); elastin (Murphy et al., 1991); casein 
(Miyazaki et al.. 1990); transferrin (Abramson et al., 1995); MBP (Chandler et al., 1995); a, -AT (Sires et al.. 1994); TNF 
precursor (Gearing et al., 1994) MMP-1 (Imai et al., 1995); MMP-2 (Crabbe et al., 1994b); MMP-9 (Imai et al., 1995; Sang 
et al., 1995) 

Collagen IV (Chandler et al., 1996). Gelatin (Chandler et al., 1996); elastin and /c-elastin (Shapiro et al., 1993); a, -AT 
(Banda et al., 1987); fibronectin (Chandler et al. 1996); vitronectin (Chandler et al., 1996); laminin (Chandler et a)., 1996); 
proteoglycan monomer (in prep.); TNF precursor (in prep.); MBP (Chandler et al., 1 996) 

Gelatin, casein, fc-elastin, fibronectin. laminin B chain, vitronectin and dermatan sulphate proteoglycan (Pei and Weiss, 1996) 
MMP-2 (Sato etal.. 1994) 

? 

MMP-2 (Takino et al., 1995) 



Birkedal-Hansen et al.. 1993 apphes unless otherwise stated. 

Documented activations of other MMPs are shown but self-cleavage (auto-activation) events are not 



Beckett et al., 1996). MMP inhibitors have shown efficacy 
in models of cancer, acute and chronic inflammatory dis- 
eases. The most advanced clinical studies to date have 
been in corneal ulceration with the Glycomed compound 
Galardin^j^ (given by injection), in malignant pleural effu- 
sion and ascites with the British Biotech compound Bati- 
mastat (given by injection) and in a variety of solid tumors 
with the British Biotech compound Marimastat (given 
orally). With the recognition that TNF processing was 
dependent on an MMP-like enzyme, we have also pro- 



duced a number of compounds which combine both potent 
MMP and TNF inhibition (TMIs) (Gearing et al., 1994). 



3. Relationship of MMPs to the cytokine convertase/ 
sheddase 

It is not yet clear to what extent MMPs participate in 
the release of TNF or of other shed membrane molecules 
in vivo. There is emerging evidence that the shedding 
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Fig, I. Cleavage of protein substrates by MMPs. Protein substrates and MMPs were incubated at 3TC for: (A) 1 h witfi crl -antitrypsin and matrilysin; (B) 
2 h with glutathione s-transferase-linked pro-TNF iiision protein and macrophage metalloelastase; (C) 17 h with bovine myelin basic protein and 72 kDa 
gelatinase; (D) 20 h with type-1 gelatin and macrophage metalloelastase. Proteolysis was followed by SDS PAGE with Coomassie blue staining. In each 
case track 1 contained substrate alone, track 2 substrate plus MMP and track 3 substrate, MMP plus 10 of BB-21 16, a broad-spectrum MMP inhibitor. 
(Methodology in Chandler et al., 1995). In each case the substrate was cleaved by the MMP and the cleavage prevented by the MMP inhibitor. 



reaction can be mediated by novel metalloproteinases. 
Although we have shown that many of our MMP in- 
hibitors also prevent the cellular processing of pro-TNF 
(Gearing et al., 1994), detailed analysis of the inhibitory 
potency of different compounds suggest that the TNF 
converting enzyme may be pharmacologically distinct from 
the classical MMPs (A. Drummond, submitted for publica- 
tion). The number of cell surface molecules whose shed- 
ding is prevented by MMP inhibitors now includes several 
cytokines (TNF-a, Fas Ligand, TGF-a), cytokine recep- 
tors (TNFRl, TNFR2, IL6R-a), adhesion molecules (l- 
selectin) and others { /3-amyloid precursor protein) (Gear- 
ing et al, 1994; Arribas et al., 1996; Crowe et aL, 1994; 
Preece et al. 1996; Tanaka et al., 1996). Arribas et al. 
have recently described a number of mutant CHO cell 
lines which are defective in the shedding of a range of cell 
surface molecules including TGFa, IL6 receptor a, l- 
selectin and )3 amyloid precursor protein. They have also 
shown that the shedding reaction in wild-type CHO cells is 
blocked by an MMP inhibitor (Arribas et al., 1996), A 
group at Glaxo Wellcome has suggested that the TNF 
converting enzyme may be a member of the reprolysin or 
adamalysin family of metalloproteinases (Moss et al., 
1997). These enzymes have a catalytic domain which is 
similar to the MMPs but also contain a disintegrin and 
EGF-like domain (Rawlings and Barrett, 1995; Wolfsberg 
et al., 1995). The relationship of the shedding mutation 



described by Airibas to the TNF converting enzyme re- 
mains to be established. 

Until we know the identity of the converting enzyme(s) 
or 'sheddase' and until specific inhibitors or knock-out 
mice are available, it will be difficult to determine the 
relative contributions of known MMPs to the shedding 
reactions. At. present, however, it seems likely that under 
pathological conditions where local levels of MMPs are 
high they could contribute to the release of cell surface 
cytokines and receptors. 



4. Demyelinating neuroinflammatory disease: the case 
for treatment with a TMI 

Multiple sclerosis is a chronic disabling disease of the 
central nervous system (CNS). The disease is characterised 
by the presence of demyelinated plaques or lesions, which 
early in their development have a disrupted blood brain 
barrier causing leakage of plasma proteins (Calder et al., 
1989). These plaques contain inflammatory cells (T lym- 
phocytes and monocytes) in addition to activated glial 
cells. It is thought that an initial influx of inflammatory 
cells drives the subsequent development of the lesions. 
Indeed, in animal models of MS, agents which prevent T 
cell or macrophage infiltration or activation are effective in 
reducing disease severity. The destructive nature of the MS 
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lesions led to an early interest in proteases and mediators 
of tissue breakdown (Hallpike and Adams, 1969; Cuzner et 
al., 1978; Inuzuka et al., 1987) which recently has focused 
on the role of matrix metalloproteinases. 

4.1. Evidence for MMP expression in MS 

The cellular components of an MS plaque, including 
activated T cells, macrophages, microglia and astrocytes, 
are capable of expressing a wide range of MMPs in vitro 
(Apodaca et al., 1990; Conca et al., 1994; Welgus et al., 
1990a,b; Yamada et al., 1995a,b; Wells et al., 1996). 92 
and 72 kDa gelatinases, stromelysin-1 and coUagenase 
have also been detected either in the plaques or CSF of 
patients with MS (Gijbels et al., 1992; Steinman and 
Gijbels, 1994; Maeda et al., 1996). We have also demon- 
strated elevated levels of 92 kDa gelatinase in the serum of 
patients undergoing a relapse of MS (Miller et al., 1996). 
Indirect evidence for expression of TNF converting en- 
zyme activation is provided by the fact that TNF is ele- 
vated in the blood and CSF of patients with MS during 
clinical relapse (see below). 

4.2. Consequences of MMP expression in the CNS 

There is good evidence that MMP expression in the 
CNS can contribute to the pathology observed in MS. 
Injection or induction of MMPs in the brains of rats causes 
breakdown of the blood-brain barrier (BBB) and tissue 
destruction (Rosenberg et al., 1992a,b and Fig. 2). There is 
also evidence that lymphocytes may use MMPs for trans- 
migration through vascular endothelium (Leppert et al., 
1995). MMPs have been shown to degrade myelin basic 
protein, the major protein component, of the myelin sheath 
which is destroyed in MS (Gijbels et al., 1993; Chandler et 
al., 1995 and Fig. 1). The processing of MBP has also 
been shown to liberate immunogenic peptides which may 
serve to propagate the autoimmune response which drives 
MS (Opdenakker and Van Damme, 1994). 

A fiirther consequence of MMP expression is the cleav- 
age of membrane bound molecules including TNF-a. TNF 
has been found in blood and CSF of patients with MS 
(Selmaj et al., 1991; Benvenuto et al, 1991; Sharief and 
Thompson, 1992). TNF is a potent proinflammatory cy- 
tokine which stimulates the expression of other inflamma- 
tory cytokines, adhesion molecules and MMPs, and has 
been claimed to be directly toxic for oligodendrocytes. In 
animal modes of MS TNF inhibitors are effective in 
reducing disease severity (Sommer et al., 1995; Baker et 
al., 1994). 

Thus expression of MMPs in the CNS can mediate 
leucocyte recruitment, blood-brain barrier leakage, myelin 
destruction and can perpetuate the immunoinflammatory 
response by generating immunogenic peptides and releas- 
ing the proinflammatory cytokine TNF (Fig. 3). 




Fig. 2. The effect of intracerebral injection of 72 kDa gelatinase. Stereo- 
tactic injections of 1 fig 72 kDa gelatinase were given into the striatum 
of adult Lewis rats. 24 h later the rats were injected i.v. with horse radish 
peroxidase (HRP), killed 20 min later and perftision fixed. 50 /im coronal 
sections were taken and stained with the Hanker- Yates method (Perry 
and Linden, 1 982) to reveal HRP within the tissue. In the buffer injected 
controls (top panel) no leakage of HRP through the BBB was observed. 
In the 72 kDa gelatinase injected animals (lower panel) HRP had leaked 
extensively indicating the BBB had been disrupted. 

4.3. Effects of MMP inhibitors in models of MS 

Two broad spectrum MMP inhibitors, GM6001 and RO 
31-9790, have been shown to reduce disease in acute 
experimental autoimmune encephalomyelitis (EAE) in the 
rat (Gijbels et al., 1994; Hewson et ah, 1995). We have 
also shown that BB-1101, a broad spectrum MMP in- 
hibitor which is also a potent inhibitor of TNF production 
in vivo (Corkill et al, 1995), is also effective in rat EAE 
reducing disease severity and weight loss (Clements, 1997). 
BB-1101 has" also been tested in a recently described 
delayed-type hypersensitivity (DTH) model of MS 
(Matyszak and Perry, 1995). In this model, an immune- 
mediated inflammatory response against a non-CNS anti- 
gen is established in the brain. This response generates a 
focal, demyelinated lesion which resembles the plaques in 
MS. BB-1101 inhibits both the inflammation and demyeli- 
nation in this model (Matyszak and Perry, 1996). Given 
the multiple mechanisms by which MMPs could contribute 
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Fig. 3. Contribution of MMPs to the pathology of MS. MMPs are 
produced by invading T cells and macrophages as well as resident glial 
cells. MMPs can disrupt the BBB allowing inflammatory cells and 
plasma proteins such as antibody and complement to enter the lesion. 
MMPs also mediate the destruction of extracellular matrix and myelin 
components. Soluble TNF generated by MMP action is toxic for oligo- 
dendrocytes, promotes the production of inflammatory mediators and 
further MMP expression and can mediate BBB damage. 

to the pathology of MS, it is not obvious whether MMPs, 
TNF (or other shed molecules) or both are the principle 
targets for MMP inhibitors. We are currently profiling the 
expression of MMPs in these animal models and in MS 
tissues and body fluids to determine which enzymes could 
be key to the pathology. 

5. Summary 

MMPs are potent mediators of tissue destruction in 
autoimmune disease. MMPs also contribute to the release 
or shedding of cell surface molecules such as TNF-a. 
There is considerable evidence that MMPs are expressed 
in the lesions of MS where they contribute to leucocyte 
invasion, BBB breakdown, myelin destruction and TNF 
release. Compounds which inhibit MMP activity and TNF 
release are active in animal models of MS. In view of this, 
clinical trials of a broad spectrum MMP inhibitor should 
be considered. 
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/nhiMors of tumor necrosis factor-a: Promising agents for the treatment of 

multiple sclerosis? 

KlMkum Crophad0m. Uoivmity of Mtintd^BlSM Munich and Departm^m of 

^Turr^ nm^r^ factor (JNf)^ & « \f>flommom mtditit^r ^^f^^!^^^''^^^!!^ 



fldj/c properties of TNf end TNF receptor$ 

Oytokiass are soluble mediatois of celKto-cell commu- 
iricaUoa.' A characUrisUc feature of all cytokines U 
tholr functional redundaiicy and pleiotropy.* Tumor 
mcfo^h rucior (TNf)-« Is an ospoclally plelotropic 
cytoKiR0 produced by noany cell types. TNF-ar exerts 
fUvdrra Qf&^cte on different colls and tissues (Table l). 
A3 a mediator of inflammation, TtW^ stUnublw the 
i-elaoiso of interleukln-l, maay other cytokines wd all 
metaboIUdS of awchidonic acid,*-'' ITiroiigh its capacity 
1o influence leukocyte treGBc by indticing or enhancing 
die e^cprensloQ of adhesion molecules on endothelial 
C0ll5» TNF-« CaclUtalos the local accumulation of 
ijQaaophagefi, noutiophiis and lyraphocytftfi, In asso- 
ciation wltll liltwrfetott-y. TNF-a induces or enhances 
tlie production of roactivo oxygen and NO derivatives, 
medlatots thai protect against microbial and parasitic 
invaders but may also damagB the host. Since TNF-cr 
can ittduoe its own transoription« special - as yet 
incompletely undotmod - control mechanisms are 
ye<|uJrod. 

TKer e are two types of TNI' receptor (TNF^Rw 9<nd 
TNf R*J, which are also recognlted by the closely 
ittlated cytokine lymphotoxin.*'"-*^ Both the ligand and 
the TNF receptors exist in a fixed, membrane-bo\md 
and a shed, iroluble form. At least one type of TNF 
receptor is expr essed in most if not all cells. The TNF 
receptors beloag to a receptor family that Includes tlve 
F(53 receptor GD95 [which mediates apoptosia). nerve 
growth factor receptor CD27 (which provides a 
costlmulfttory signal for T cell proliferation) and 
CDIO (a critical factor of 8 cell growth and differenda- 
tlon). It appearc that Uiess receptors share the ability to 
tfligulBte coll grovvTth and death in different Uscues. 

Binding of Oie homotrlmerlc ligand TNF-Jt links 
thtoa receptors together Into a clusler. Ugand*lnduced 
crosslinking brings the cytoplasmic regions of the 
receptors together, initiatxng a sclf*aj>scmbly process in 
which additional cytopJasrnlc proioJns bind to form a 



complex with catalytic acUvlty, There is evidence that 
the TNF receptors use different signaling pathways, 
including the sphingomyelin pathway, to mediate 
biologicid mponses. but mainy aspects of TNF- 
mediated signal transduction are still unknown/ "-^^ 

Me of TNf^ In exbefbnentd molmmune enc^ 
phdlomyelitis and muhiplB sderofls (TuMo 2) 

TNF-« is expressed Jn MS lesions, where It is 
associated with CD3f lymphocytes, miciogUa cells 
and astrocytes."'** Fuithennore» TNP*« and lympho- 
toxin are cytotoxic for oUgodendrocyteB in Wfro.**"'* In 
experimental autoimmune encephalomyelitis (EAE). 
secretion of lymphotoxin and TNF-« by T ctils specific 
for myelin basic protein (MBP) conelatAS with the 
encepKalitogenic potential of the T cells,^^ Treatment 
with an anti«TNF monoclonal antibody reduced the 
severity of EAE txanslarred with MBP-speciflc ence- 



Table 1 Tumor NecrosU Factor (TNF)-fli: Basic Facts 



• 1S7 amine acids, homotrimer 

• ^roductieid by faaorophagss, T csUs and msny ether celb 

• Two rweptor types (TNFR,>o and TNFR,o), widely 
dUuibutsd 

• Activates Inflwnmatoiy cslla; regulates caU gtt^wth, 
diCforentiation snd many other cell functions; ha» 
prominent cytotoxic ■Sscts 



Table 2 Role of TNP-s In Multiple Sclerosis 



• Expression In MS legions 

• l/i v7<ro c>'toto>dcity for olisodendrocytes 

• (LooscaT) cotTf loUon of TNF»« concenirailODj /expression 
wilb clinical activity 

• Incr&aied production of TNF by T csMs from H1-A-DR24 
indfvirlualc 
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Tftblfi 3 Strawgfos for TNF Inhibition 

« Phwtndcologkfil irthibitord of TNF cynll-i^jsis or 

pfoces^ing: Pentoxifylline, thalidomide, rolipram, pyrJ* 
dinyi-imidazola pcotein Kinase inhibitors, metallo^ro- 
mhmQ iiLhSbltord, gluoocottJco«t«fold9 

» Biological Inhibitors of TNF effects: Aatl-TNF antibodies; 
dolubur TNF receptor con^tructa 



phaUtogenic T cell«.*'''" Kiirtharmore, fidvetdl studies 
Indjicatod that in MS patients^ there U a correlation 
l>^t<vaeti TNt^ levels in blood, serum or culture 
i^upornatant md the clinical courso."-** Finally, the 
w^U-ct^tablidhed gonedc etssoclatioa of multiplo sclero- 
al^ with I1LA-DR2 can be Qt least partly explained by a 
(>2opE>nsi(y of >ILA-DRZ^ T Cdlls to pn^duco incxciased 
ojnou£it3 of TNF-tf and lyjnphotoxln." 



Table 4 Biological TNF inhibitors in rheumatoid arthrttia 

Ar\ti-TNF monochnal antibodies 

• Human/marjina IgGtrc chimeric neutralizing Ab cA2 
(Cmitocor): Positive resultii in randoxnized double*blind 
placebo<ontroUed trial of a single infusion (S or 10 
mg/lg) of cAz in 73 pntienU with acttv* RA t39l 
Repeaiod therapy with mAb cA2 (2^4 cycles) also 
succe««i^l, but antibodiei to the murine pestion of cA2 
eventually delected in 50% of patients [40] 

• Hirniaeiz^d anti<TNF*e (gG4 mAb CDP57t 
(CellTecb): BenaficiBl effira^t in preUmlnery (dose escala- 
tion) study 

Solubh TNF rtcopton f$TNPR) 

» Soluble dimeric p-SO TNFR coupled to a huttum IgGl Fc 

Srtimeworlc (ImmuneTOi 

Banoflciel effect So praliminttry studies 
e Soluble dlmerle p-$0 TNFR coupled to a human IgCi Fc 

framework (Roche) 
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InhlbitQ^t of TNf syn^^skf or proctsting 

Difforeni stijiiaglee for WF inhlbitioii ara shown in 
Yeiblc 3v The pharmacological Inhibitorg of TNF 
gynthe^l^ pomoTdfyUino and thalidomide are tested 
in pilot clinical trials.^' The nntldeprofi&nnt roUpram. a 
ec&locUve Inhibitor of phosphodieatera$o type IV,** has 
ahowtt proiniaing effiecta uu EA£ in rats and comoton 
laormoset monktsy*.***** However, this agent is cur- 
r^fti^tly unavailable for clinical trials In multiple 
ficbro,si3. A series of pyridinyWnUdaiole compounds 
IrJuhU the production of interieukiu l and TNF-i* at 
tiie tTfWs^latlonal level." Thi* claas of cytokine 
iiTkhibitntij may provide new Aerapeutic candidates in 
tho f^itine." 

Intorastingly, recent evidence suggests that corticos- 
t«>roids, which are widely used Sor the treatment of 
acute er>acorbntionB of multiple sclerosid. also exert at 
lei?st part of their iruin\moBuppmdva actioris by 
li5hibiUoa of TNF^,"»* CortloosteroJdb? stimulate 
productioa of IkUu, a protein that holds the transcrip- 
tion factor NFicB in inactive form in iJhe cytoplasm," " 
NF«rOr a major regulator of many cytokine snd eel) 
edhosion gones^ is cjcWcgilly involved la tha TNF 
signaling pAth\^Ay.* 

A diffareni group of agoois alms at the processittj; of 
the ;c33*amlno-acidi niembranc-bound TNF-a precursor 
into Uiie mature^ lH7.aininoacid cytokine, Thia process 
is depondunt oa matrix motalloproteinase enzymes, 
and iahibltora of nuiirbc xnatalloproieinases are very 
potoftt inhibitors of WF proceasing (but not synthesis) 
in vitto,^^-^^ 

f^hhgk^^l hhlblton of TNF effects 

Btologicel inhibitors of TNF include monoclonal 
antibodies afjalnst rNP-ct and soluble TNF recoptor 
constnicw (Tables 3 and 4). Several of ll;oSB agents 
have shown positive effects In F-AE."''*" Furthormorc, 
biological InhibUors of TNF are being tested in 
rheumcaioid erthritls (Tubla to noultiple sclerosis, 

a clinical trial of soluble dimeric TNFi^l^o coupled to a 
human IgGl Vc framework has recently been iniUated, 
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apo E receptors following conversion 
within the body to chylomicron rem- 
nants. These receptors, present on the 
cell surface of hepatocytes, internalize 
the hgand with eventual degradation 
within lysosomes". Because there is no 
direct linkage or modification of the apo 
E ligand in this strategy, large amounts of 
drug can theoretically be incorporated 
without altering the targeting specificity. 
In this respect, the report is conceptually 
similar to liposomes into which ligands 
and agents have been inco^porated'^ 
though the size and specificity of Upo- 
somes has generaUy been difficult to con- 
trol. The use of a recombinant apo E can 
potentially provide a large-scale, uniform 
source of Ugand for therapeutic purposes. 

Despite the virtues of the lipoprotein- 
based systems, there are limitations. The 
drug must be either intrinsically 
lipophilic or capable of being modified to 
possess this property. The modified pro- 
drug must be able to be converted to its 
active form within the target cell. Be- 
cause the intracellular pathway is pre- 
sumably degradative, the agent must be 
able to withstand exposure to powerful 
enzymes and yet remain active. The re- 
lease of the pro-drug must also permit ac- 



cumulation of sufficiently high levels of 
active drug within the cell. Finally, this 
delivery system is not likely to have ame- 
liorative effects on any intrinsic cytotoxi- 
city that the agent itself might possess. 

Apart firom these limitations, the arti- 
cle by Rensen et ah provides a practical 
demonstration of lipoprotein-based drug 
targeting vehicles. It also illvistrates the 
power of mimicry of natural systems to 
achieve biological — and potentially clin- 
ical — objectives. 
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Multiple sclerosis: TNF revisited, 
with promise 

The antidepressant drug rolipram inhibits tumor necrosis ^^rto!;^^*^^"^^^ '"^'^^ 
an effective treatment for multiple sclerosis (pages 244-248). 

admimstration of broad-acting soluble 
mediators of the immune system, a 
concept which has been tested in most 
conditions of suspected or proven au- 
toimmune etiology. Moreover, as mem- 
bers of the growing family of these sol- 
uble mediators — collectively referred 
to as cytokines — were characterized, it 
became apparent that some serve to 
promote the immunologic response 
(proinflammatory cytokines), while 
others modulate or suppress it (regula- 
tory cytokines)'. Cytokines operate in 
concert, mediating much of the inter- 
cellular signalling required for an inte- 
grated response to a variety of external 
stimuU. Cytokines are efficient and po- 
tent mediators that interact with spe- 
cific, high-affinity soluble and mem- 
brane-bound cellular receptors. They 
are inducible, oft-times short-lived pro- 
teins, and the ability to generate them 



The immune system in health can be 
likened to an orchestra with different 
musicians and instruments contribut- 
ing to a harmonious symphony, or in 
biologic terms, immunologic home- 
ostasis. The immune system in disease, 
however, is an orchestra in disarray 
with one or more lead members out of 
key. This is particularly true in those 
instances when the target of the im- 
mune response is one of the body's own 
proteins — a time when autoimmunity 
becomes the operative term and when 
normal regulatory mechanisms some- 
times do more harm than good. With 
this analogy in mind, the present com- 
mentary addresses an immunologic 
phenomenon featured in an interesting 
article in the present issue of Nature 
Medicine by Norbert Sommer and col- 
leagues in Roland Martin's laboratory 
in Tubingen". These authors describe 



experiments in an autoimmune disease 
in rats used as a model for multiple 
sclerosis (MS), which confirm that ad- 
ministration of a pharmacologic prepa- 
ration with a known propensity to 
down regulate and inhibit at least one 
key player in the orchestra, the cy- 
tokine tumor necrosis factor-a (TNF-a), 
is capable of disrupting the anticipated 
course of events and silencing the dis- 
ease. 

While somewhat melodramatic and 
overstated, the above description high- 
lights an important and topical area of 
biologic research with wide-ranging, 
disease-relevant ramifications. Im- 
munologic attack against tissue-specific 
self-antigens might be abrogated by the 
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in large amounts in recombinant form 
has provided much meat for the 
biotechnology community. 

As stated, the therapeutic application 
of an inhibitor of one of these cy- 
tokines — the proinflammatory mole- 
cule TNF-a — to an animal model of 
MS, experimental autoimmune en- 
cephalomyelitis (EAE) in rats, forms the 
basis of this News & Views. The immedi- 
ate goal of the work by Sommer et al. 
was to prevent clinical disease (paraly- 
sis) by blocking inflammation from oc- 
curring in the central nervous system 
(CNS), thus preventing demyelination. 
Myelin, the insulating membrane of 
nerve fibres, is. essential for normal 
conduction. It is a highly immunogenic 
membrane and one unique to nervous 
tissue\ Its loss from axons leaves the 
nerve fiber demyelinated and function- 
ally impotent due to the dispersal of its 
sodium and potassium channels. 

Multiple sclerosis, the paradigm of 
demyelinating diseases, is a neurologic 
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condition in which myelin is destroyed 
by ari inflammatory process of un- 
known aetiology*. It is usually a 
chronic progressive or chronic relaps- 
ing condition with an unpredictable 
course spanning several decades. Evalu- 
ation of the efficacy of compounds like 
cytokines and their inhibitors upon the 
course or nature of the inflammatory 
response in the CNS of the MS subject 
is difficult because of the innate vari- 
ability in clinical and pathologic mani- 
festations from patient to patient — 
hence the need for an animal model in 
which the hallmark lesion, inflamma- 
tory demyelination, is the major fea- 
ture^ 

What might not be readily appreci- 
ated, is that in diseases as diverse as 
MS, rheumatoid arthritis, Crohn's dis- 
ease, systemic lupus erythematosus, 
some forms of diabetes, and other dis- 
eases involving a selective immuno- 
logic attack upon a particular organ or 
system, common mechanisms may pre- 



vail. In other words, following the 
recognition of the targeted self-anti- 
gen(s) in each disease (presumably by 
antigen-specific T-cells), the selective 
damage to the respective tissue may in- 
volve the same cascade of soluble im- 
mune mediators with no particular 
organ specificity. It was with this in 
mind that some early work on the sup- 
pression of autoimmune demyelina- 
tion, like that of Celia Brosnan and col- 
leagues*, focused on the systemic 
inhibition of proteolytic enzyme activ- 
ity by macrophages. This approach 
proved effective in a rat model of EAE 
using inhibitors of plasminogen activa- 
tor and neutral proteinases. Precisely 
what else was being affected by the en- 
zyme inhibitors remains speculative, 
but today one could quite easily invoke 
a role for cytokines. 

The current report by Sommer et al.\ 
shows that intraperitoneal injections of 
the antidepressant rolipram are capable 
of preventing, delaying and reducing 
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Schematic presentation of the effects of the antidepressant rolipram on phosphodiesterase (PDE) type IV and T-helper 1 -mediated 
autoimmune responses. Rolipram specifically inhibits the PDE type IV expressed in lymphoid and central nervous system cells. PDE inhibition 
raises the cyclic AMP level (left), which in turn interferes with activation and lymphokine secretion of autoreactive T-helper cells (right). 
Tumour necrosis factors (TNF-a/LT-a) and interferon-Y(IFN-y) secreted by these cells are Involved in the pathogenesis of autoimmune 
demyelinating diseases such as experimental autoimmune encephalomyelitis (EAE). PDE type IV inhibition by rolipram blocks these effector 
mechanisms and can be used to treat EAE. [Courtesy of Roland Martin, National Institutes of Health, Bethesda, Maryland.] 
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the clinical severity of acute EAE in 
rats. The clinical findings were dose-de- 
pendent and parallel studies on the in- 
hibition of TNF-a production in vitro 
showed the effect to be stereospecific 
inasmuch as the negative enantiomer 
was 55 times more effective than the 
positive enantiomer. While it was spec- 
ulated that the action of the drug was 
related to its effect upon cytokine lev- 
els, particularly TNF-a (and to a lesser 
extent, IFN-y), it should be noted that 
rolipram; a wide-acting compound and 
a selective type IV phosphodi- 
esterase inhibitor, also affects 
metalloprotease and NO levels. 
These pathways may merit fur- 
ther investigation. Critics of 
the present report may also 
feel that the levels of the same 
cytokines (and perhaps some 
enzymes) within the CNS 
should have been taken into 
consideration, because positive 
correlation might have bol- 
stered their putative involve- 
ment in this autoimmune dis- 



clonal antibody to TNF-a". More pieces 

were fit into the puzzle when TNF-a 
was localized in MS plaques/^'^' and 
when circulating levels of TNF-a and its 
soluble receptor were found in the CSF 
of MS patients" ". . 

The association between TNF-a levels 
and the expression of EAE using a TNF- 
a inhibitor was first approached in a 
study similar to that of Sommer et al.^ 
in which phosphatidylserine (PS), a 
natural membrane phospholipid and a 
potent inhibitor of endotoxin-induced 



In diseases as diverse as MS, rheumatoid 
arthritis, Crohn's disease, systemic lupus 
erythematosus, some forms of diabetes, and 
other diseases involving selective immuno- 
logic attack on a particular organ or system, 
common mechanisms may prevail 



ease. 

The findings of Sommer et al. provide 
further confirmation of a specific role 
for TNF-a during CNS demyelination. 
In 1988 it was shown by Kris Selmaj 
and myself* that recombinant TNF-a 
(obtained from Marc Feldmann in Lon- 
don) induced selective destruction of 
oligodendrocytes and myelin in cul- 
ture. The selective cytokine-mediated 
demise in vitro of oligodendrocytes — 
cells which produce and maintain CNS 
myelin — was particularly relevant, be- 
cause in MS, oligodendrocyte depletion 
from demyelinated plaques figures 
prominently and remains an enigma'. 
Subsequent work on dissociated mixed 
glial cell cultures'" supported the selec- 
tive cytolytic effect of TNF-a upon 
oligodendrocytes. They also showed 
that TNF-a exerts a stimulatory effect 
upon astrocytes, the cells responsible 
for scarring in MS. 

The tissue culture approach assumed 
clinical relevance with the work of 
Nancy Ruddle — who along with Byron 
Waksman is a pioneer in the TNF/lym- 
photoxin (LT) field' — and her col- 
leagues at Yale. They showed that a 
monoclonal antibody to TNF-a and LT 
could prevent acute EAE in mice". This 
report was confirmed and extended 
shortly thereafter with a study from my 
laboratory using a chronic relapsing 
form of EAE in the mouse and a poly- 



TNF-a production, was applied to the 
mouse model of chronic relapsing EAE 
and shown to reduce significantly clini- 
cal and pathologic signs of disease". In 
both antibody- treated" and PS-treated" 
mice, the effect of the treatment regi- 
mens was short-lived; when treatment 
ceased after one to two weeks, signs of 
disease appeared. However, prolonged 
treatment with PS had a lasting effect". 
More recently, it was shown that solu- 
ble TNF receptor can also prevent 
EAE"'". 

The work of Sommer et al.^ adds fur- 
ther weight to a TNF-a approach in MS. 
As is always the case, however, some 
points need to be clarified. In their 
final paragraph, the authors push for 
the testing of Rolipram in MS and men- 
tion en passant that preliminary data on 
chronic-relapsing EAE in the mouse 
lend support to the effectiveness of this 
drug. 

Interestingly, waiting in the wings is 
a paper currently in press in The Pro- 
ceedings of the National Academy of Sci- 
ences by Claude Gena'in and col- 
leagues in Stephen Hauser's laboratory, 
which also describes tests of rolipram 
in EAE. More significantly, perhaps, is 
that this group is one of a very few 
working on EAE in non-human pri- 
mates. These investigators have now 
applied their model of EAE in mar- 



mosets^ to the testing of this TNF-a in- 
hibitor. The results have revealed no 
signs of EAE in three animals receiving 
rolipram every other day beginning 
one week after immunization for EAE 
for a total of 46 days. Protection was 
sustained and MR! showed no abnor- 
mality. Placebo and untreated groups 
developed the usual manifestations of 
EAE. The demonstration of a successful 
effect by rolipram in a model of pri- 
mate EAE, a model with many similari- 
ties to human MS, lends more weight 
to the TNF approach and 
holds promise for MS. 

In closing it is only fair to 
mention that TNF-a is not the 
only cytokine under study in 
MS-related research. Reports 
exist in the literature showing 
a role for IL-1", IL-4", IL-10", 
IL-12", IFN-7^, and TGF- 
p26.27.2« jYiis commentary high- 
lights the TNF-a approach in 
MS in the context of the arti- 
cle appearing in this issue of 
Nature Medicine. Nevertheless, 
although it is well recognized 
that few, if any, C5^okines function 
unilaterally (synergism and synchrony 
between members being the norm in 
nature), the volume of evidence docu- 
menting a distinct role for TNF-a in MS 
is quite impressive, and is currently 
greater than for any other cytokine. 
Therefore, it appears that TNF-a may 
have taken the lead. So pass the baton 
to TNF-a, have the orchestra strike-up, 
and let us sit back and enjoy the con- 
cert. Music, Maestro, please! 
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The potential use of MMP inhibilors to 
treat CNS diseases 

Voon Wee Yong 

Nrurosciencf and Cancer Ft^earch Croups, 

Depanmenis of Oncology and Clinical Neurosrimces, University of Calgary, 
S3S0 Hospital Drivf NW, Calvary, Alberta TIN 4NJ, Canada 

The matrix metalloproleina.-^s (MMP.'s) arr considered 10 be the physio- 
logical mrdiatur^ of extracellular matrix remodelling. MMPs are involvc*d in 
a varier>- of /unciionN wnd in the nervnu.^ sy.siem, ihf se include angiogenesis 
and ihe exiension of neuronal growih ronp.s during developntem. 
However, it has btromi' incrca.sin^^ly cvidi*nl ihal I he aberrant expression 
of MMPs In the nervous fly.siem conlribuii\s to di.sca.se.s thai inctude among 
iMhLTh, muUipk- sderosii. malignani gliomas, Al:£heimer's disease and 
^uoke. Thii leview highlights rhe evidence that MMPs arc involved in 
dispases of ihc nervous sysicm, and provides information for the potential 
beneficial use of MMP inhibilors in NS disorders. However, the applicaiion 
of MMP inhibitors in treat CN5 di.sea.se.s mast be balanced carefully against 
the beneficial roles normally played by MMPs in CNS phy.sio]ogy or 
lecovery, 

KeyM'ords: Alzheimer*s disease, cerebrovascular disorders, gliomas, matrix 
metalhpromnaseSf muhipU srkrosis, myelinalion, siroke 

Exp. Opin. invest. Drugs 0999) 8{3):25S'26a 



J. Introduriion to MMPs 

Matrix meialloproteinases (MMPs. matrixins) are con.sidered the physio- 
logical mediators of degradaiion, oi lemodelling, of ihc extracellular matrix 
(ECM). They are implicaU'd in the modulaiicm of cell-ECM inier'aclions Lliai 
govern prnre.<;s«.s as diverse as rellular differeniiaiion, migration and 
apopiosis, or the legiilation of growth facioj aaivity (i). Collectively, the 
MMPs degrade rnosl, if noi all, pruiein cumpuncni5 of the F.CM. Some 
pOSTulaiedphywOlOgical functions mediated by MMPs are shown in Tabic 1. 

1.1 MMP family members 

There are at least 18 MMP members, divided into four classes based on 
siniciure: collngenases, gelatin'wses, suotnelysms and mrmbrane-type 
MMPs (MT-MMPs) (Figure 1). Each MMP member is die pioducl of a 
dinercni gene. However, si cjuenre ronser\'3lion in MMP genes and the 
ob.sejvaiion that some MMPs contain more related domains tlian oihurs, 
Suggest that the vanou.s family members may have evolved from a single 
ancestral gene by gene duplicmion and cxon shulflmg. All MMPs liave a 
comnjon propeptide region at ihc N-K^rminus^ in ^'hich an invariant 
cysteine residue ligaies back to 2inc at the calalyiic domain, thus 
malniaining ihe cii2yi;ic in )i<> inLunive Male. The C-ierminus domain, wiih a 
high level of honujlogy lo members of the hemopexin family, confers 
subMrale binding and i.s present in all MMPs except niau-ilysin. Additional 
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^sinjciurcs, such as the presence of fibroneain Type 
11-h'kc modules which bind native basemen! 
membrane Type IV and V cullagcny, elastin, and al) 
dcn;)lOied collagen.?, arc present in geJalina.se.s and 
confer further suhsiraic binding capacity. C- and 
NMeiiTiinu,s domains arc cunnccied by a hinge region 
which is short in coljajjienases and long in oiher 
MMI\s. The MT-MMPs hyve an addiUonal membrane 
domain ui ihe C icrniinus and aie transmembrane )us 
proieins. Preseni in all MMP&, iheie is also a .short 
signal .seciucncc in the extreme N-teiminus. 

Specificiiy for subsMniie.s is useful lo subclassify MMPs, 
but {here i.s much overlap. Nonetiieless, colJa|»enascs 
are though! lo degrade fibrillar collagens, sirome 
lysins prefer proicoglycans and glycoproteins, and 
gelaUnascs are panicularly poicnl in ihe degradalion 
of norhnbrillar and denatured collaj^ens. Besides 
facilitating die activation of some MMP5 (see section 
1.2). the iransmembrHnous MT-MMPs also have 
proieolyiic activity against ECM components, 
includii^g gelatins 12,3 j. 



ij2 Control of MMP activity 

Being pioteolyiic enzymes, MMPs have ihe potcnUal 
for ma.sKivc iis.sue dcMruciion. Therefore, the activity 
of MMPs ha.s lo be ronirnllcd; this is achieved on tliree 
Icvels (Figure 2) 14]. First, ail MMPs are expressed a.s 
Inactive zymogens and rei^uire processing lo expose 
the aaive catalytic site. In this regard (reviewed in 15)), 
activating factors, including plasmin and othei MMPs, 
fir«;i difrupi ihe cysunne xim: inieniction. The partially 
active inteimediate is then subjected to removal of the 
entire propeptide legion, by proteinases inrhiding 
other MMPs, for full activation. Zymogens can also L)e 
aciivaied by non-proiet^lytic compounds such as 

reactive reag^inis (4-fimInophfnylniercurit' ace^riie, 
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Gastric, T^^^^flVcr cinbosi^^.'-T'^r 
Alheroaci 




FibroticlUQgi 
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AMPA), denaturanls (urea. SDS) and by heat 
treatment. 

A second mean.s lo control MMT activity involves gene 
transcription, and most MMPs are expiessed only 
following Ihe artivailon/sUmulalion of cells. Tlie 
transcription of MMPs Is effecled by a number of 
agents including p!)orlx;l esters, growth fpriors and 
onrogitne products. In most cases, these factors 
induce the expre.s.sion of the c*fo.s and c-jun proio- 
oncogenes, which form a hctcT<Klimer ihat birKlv to 
promoter sequences of ONA called the phorbol 
lesponsive element (TllH), or the aciivaior protein-3 
(AP-3) binding site, to affecl gene tran.«>criptiun. Ttie 
AP-1 element is notably absent in the promoter region 
of MMP-2 and this MMP Is normally expressed at a 
constitutive laiher than inducible level. Other 
transcriptional binding elements (e.g., PEA-3, Spl, 
NFkB), are also preseni in several MMPs (61. and these 
can influence rhe arliviiy of the AP-1 transaiplionaJ 
element. Cell-ECM and cell-cell tnieracdons also affect 
MMP irifinsciiption |7] and the engagement of various 
integrin receptors by their ligands induces MMP gene 
expression (reviewed in 18D. 

A third means lo control MMP activity is by the inlerac- 
lion of active MMPs with tissue inhibitors of 
inetalloproieina.ses (TlMPs). Four TiMPs are currently 
known and these bind the catalytic atiivc site of MMPs 
to cause inaciivation [9,10]. 

Interestingly, ii was noted that the cell surface activa- 
tion of proMMP-2 by MTl-MMP requires the 
inieiaciion of TlMP-2 [11]. Subsequently^ it was shown 
that M'J'l-MMP may hinaion as a receptor for nMP-2 
(bui nor lIMP-l) and/or the proMMP-2/TlMP-2 
complex, facilitating the proteolytic aciivaiiun of 
proMMP-2 by an adjacent MTl-MMP (reviewed in 
n2D' 'Ha^ Tn<'m^^"*^ recjuiremcm of prfiMMP-2 is also 
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Fi|ru"' ' ' SirucwTc of ihc subgroups of MMPi*. 
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Gelalinases • 

mP'2 

m?-9 

Siromelysins-I io-3 
iMMP-a, MMP.IO, MMP-11) 
and Melaiioeiastase 
(WMP.12) 



N-lerminal 
C8l8>ytic tiomain 



Hinge 
Region 



C-tefmmal 




fy^trilyrsin 
(MMP^7) 



Ml-MMPs 
MMP.14 to 
MWP-17 



Trane-membrane 
domain 



due 10 ihe co-Iocalisaiion orMMP-2 wiih avp3 on cell 
surfaces, as i5 ihe ose for invasive cells IHI Similarly, 
proMMH ;) can also foiin a iviiijsJcx wiih TIMIM (and 
proMMP-2 wiih TIMP-3). lo Jadliunc iis ariivation 

IJciidcs ihe mode of inic-rachon of .specific TlMPs wiih 
panicuiar MMPs (generally N-N inieractions loi 
en;iymc acliviiy inhibition, and C-C inieraci)on!5 for 
pro-cru:yme aciivaiion), ihe role of llMPs in boih ihc 
aciivaiion and desaiva\ion of MMPt appears lo be 
tonccnlralion- dependent » in iliai low lo mtxierair 
levclh of T!MP»s faciliiaie pro-enzyme aeuvaiion, while 
higher 1'JMP levels will lead lo inhibiUon of ihe aciive 
pfoiirase. 

Oiher less well charanerised tissue inhibilors of MMP 
at iiviiy also e>cisi and ihese melude l^KCK (reversion- 
inrinring, cysieinc-rieh proicm wjih K2>:ial nioUfs), 
which encode!; a menr\brane-andioicd j»lycr>proiein 
uf aboul 1 10 kDa, with niulliple EGF like repeals and 
serine-proiease inhibilur-Iike domains 1141 



2. MMPs in pathology 



Dehpiu- ihc li^hi conirol of MMP aaivjiy, excess MMP 
prnd\jriion and ihc aliered MMPj HMP raiio is ih()U'>hi 
U) he a key fwiure ul H-veral paiholvgica) pwCKftt^S 



including rheumaloid arthritis, periodonia) disease, 
fibnrtit lung disease, liver cirrhosib, ga.slric ulcer, 
ylherosclerowh, and aonic aneurysm (Tabic 1). MMPs 
art: also implicated in leuhocyiL- inliUraiion Inio Ussuei 
|15]. h is in ihe area of cancer mciaM;45is, however, 
where ihe MMPf liave gamed Ihe mosi prominence. 

2.1 MMPs in cancer metastasis 

MeVHMasiss. Ihc spread of cancer from a primary 
TviTnuuT lo disianl siies, muM involve .several cliyni^es 
in the tell bchavKHir: esi-upe of cells Irom the primary 
luiiiuur; iniravasarion (rniry of cells Into the lynipliiUic 
Or blood circulation); survival and transport in ihe 
cirrulfJiion; anesi in distant oigans; ewavasaiion and 
growih of cells to foim .secondary tumours in ihe new 
orjj.an mvironmeni. Several juch Sieps rctpiire MMPs 
116), and a vasi liieraiuie shows an associaiion 
between mela^tsiyis and MMP expies^^ion. Of 
parijcular iniporianee are MMP-2 and -9, because 
these gelaiina.ses have broad specifieiiy, in concert 
wiih a predilection foi iniaei basemeni membrane 
Typi: JV collagen which surrounds blood vessels. 
Indeed, ilje expression of jfelalinases is elevated in 
many iype.s of huniaii cancers including Ijieasi, colon, 
prosiaic ar)d ovarian cwncers 117). Funhermoie. Uie 
oveiexpres.sinn of MMPs in eel! lines inci teases Iheir 
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FiEurv 2: Means by which ihe aciiviiy of MMPs h rcf ulelcd, wiih deiails described in ihe icxi. 





1. Transcription ^ 

of prO'MMP 

- Inflammatory cytokines 

- Growth factors 

• Protein Kinase C 

- Oncogenes 

- Cell-cell or cell-ECM 
interactions 

- EMMPRIN 



Pro-WIMP 



Active MMP 



3. Inhlbftion 
^ byTIMPS, 
BECK 



2. Activation of MMPs 
• Plasmin/PA 

- MT-MMP 

- Other MMPs 

' SH'Containing cpds {e.g. AMPA) 
> Denalurants (urea, SDS) 



mel35U\jc potenUa) |181. Conversely, ihe 
down-ft^gulaiion of MMP expression, u.sing 
appu^achcs such as aniiscasc lil^osiymes 119], oi ihc 
i)vcrcjiprc5Aion of TlMPs 120,21], JcLTeabcs ihc 
melaslaiK* pournlial «I .sfvcral iransformcd ccl! lypcs. 
In mi(*e Ihiil are ^fneUcally dericieni for MMP- 2, 
inipHinicd melynoimi or l.«»wi5 long c<»rclnom3 ce\h, 
»ic less Uimourigenic 122,23)- 

Olher MMP.s are also implicated in cancer meiasia^es 
yrid these include MMP-3 (siiomelysin-3), MMP-7 
(mairilysin) |24|, MMP-10 (.siromeJy.sin-2) (251, and 
MMP-n (sirome)ysin-3) 126). 

Somcrwbal unexpected is ihat in many Tumours, MMPi 
aie exj)re.s>ed nol by lumour cclh, hul by siTOinaJ fcll.s 
\27]. II appears lhal lumour cells induce ihe expres- 
sion of MMP by siromal cells through a mechanism 
involving dircCl celKcll conlacl and as a rcsull, 
confines localised proieolysis at the Uimour-siromal 
inlcrface 1281. EMMPRJN (cxtract*llular matrix mciallo 
pffXeinase inducer), a transmembrane glycoproiL-in 
prcscni on ihtf surlare of lumour cells, hui noi 
fihrobla.sts, and several oiliei nuiinaJ aduJi cdlb, is a 
poienlial tumour cell derived activator of siromal 
pruUucUtm of MMy^ \2% 

C Aahlcy Publicaiiow Lid. All righi$ reserved. 



2^ Trials of MMP inhibitors in cancer 

Given the findings that MMPs rcgulale meiaslasis, a 
lujj;!cal follow up has been ihe use of MMP Inhibitors 
m animal models of meiasiasLs. Sledge el ai. I30l 
reported thai a broad- spectrum MMP inhibilor, 
haiima.mal (BB-9^), significanily inhibited Ihe local 
rcftrowth and metastasis of human hrea.«?i cancei cells 
m a nude mouse xeno|^raft model; this was also 
reponed for many other lumour Types including colon 
carcinoma cells (311. Wang et ul 132] deinonsiraied ihai 
RB reduced metastasis vvhen fVaj^ments of human 
colon cancel weie surgically implanted orilioiopically 
on ihe colon of nude mice. 

Human irials of MMP inhibitors in cancer are also in 
progress. In a Phase ] study ^iA 13B-94 (baiimasiai) in 
paiienis with nialijjnaiil ascites, half ihe paiienLs did 
not ie-aceun)ulaie ahciies, or died up to 112 day.5 after 
dosing 1331. Marimasiai (H'R-25l6), an improved 
congener with oral efficacy, was administered to 
paiienis wjtb advanced luHM csnccr IP assess toxicity. 
The tjoic-limiiing luxidiy wxs polyarthritUs \Y\^\ 
persisted for up to eight weeks after dmg admirrisini- 
lion 134]. A biological effea was found in a Phase II 
irlal of marima.sia! in 415 paiienLs with advanced 
ovarian, proslaiic, pancreatic and colorectal cancers, 
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Fipuri- 3: M MPs h^vc hoih hrncficlal and harmlul cftcf is in ihc nervous svMcm. a simaiion bcM illusiraicd by ihc 'yin and yan^ ' of 
good and had. Al) dcialls can be found in ihr icxi. 



Beneficial 



Detrimental 



4 Micfgtion of 
progenitor celiJ 
\o $\\ei c1 injury 

4 Clearance 

♦ Angiopenesii 

4 Growth cone 
elongation 

4 Degrarlalion 
of inblbhory 
subsi^nces 

4 Release of 
growth factors 
Irom 6 CM 

4 Process formaHon 
by oligodendrocytes 

4 Removal 
amyloid proteins 




41umongene5iS and ■ 
invasiveness 

♦ Disruption of blood 
-brain barrier 



❖ Leukocyte 
InfiltraHon 

4 Propagation 
of inflammalion 
(cyiokirte release) 

4 Demyelinalion 



4 Seizures 



4 Deposition ol 
anriyloid proteins 

4 Tissue dtsuuclion 
in stoke 



and biological a<nj\1iy nnoniiored by .serial measure- 
menus of strrum mmour maiKcrh 133J. 



3. Expression of MMPs in the CNS 

Kxrcpl durinp developmenl, ihf expre.s.^jior^ of MMPs 
in Iht' cenlra] nervous .syMc-m (CNS) iieni.*rti)Jy low. 
The expres.sion of MMPfc is up.rep,u)aied m several 
palholopical pkh'ck.scs gf ihe CNS and ihis has 
iitiplic^aied MMP.s m ihe palhopL-ncsi.s ol •^rvera) CNS 
riisortltr? 141 The follDwin^i iseclion.v icvic-w ihe 
findin^i thai MMPwS have a role in .H*vt:ral CNS 
di.sira.scs. 

3.1 MMP5; in m^ilignant gHomas 

In funjrnun wiih non-CVS luiurjurs drst iihfrl sbovc. 
MMP.s aic implicated in iht* highly mHli^zDain CNb 

O Ashley Publicuiion»L(d. All rigtit^ reserved 



lumour, malignani jzliomas. Ahhou^»h j^homas rarely 
meUiSiaNKNc 10 ihc pi-Tiphery, maJignani ^lioma^ are 
iuj^hly inva.sive IncaJly >Jviihin ihc CNS, The local 
mva.^ivcness is a pxincipal cause of monaliry in the 

diseaj^e. 

}n vuro. cultured glioma re)l line;; express high MMP 
en2yme aciivny. and a good conelaiion ha.s been 
found Ijerwccn ihe trxpiession uf MMP 2 arid the 
degree uf inva.sivrMies.^ in vitnj\5b, Hh the production 
of MMH.2 in glioma eell.s is re^mlaied by protein 
kinase C 137). NX^hen ihe i;251 human glioma line was 
Kiahly iran.sleried with the cDNA encoding MTl -MMP, 
MMP-2 aciivanon wa5 incicascd, leading 10 a 
roncfniraiion-dependcni increased invasion across 
mainp.el except when excessive MMP-2 acuvaUon was 
achieved I3fil. The iraasft-cnon of ^ilionia cells with 
cDSAs i^n^'odirig llMPs rcsuUcd m leduicd invasive 
pc«eniial 131^,^0) 

Lxp. Opin, /riw^H. Orufts (1999} 8(3) 



DUPONT PHARHA FAX NO. 302 685 1173 P. 14 



AUG- 6-01 HON 13:42 



260 MMP jjihibitons 

In correspondence wjih ceJl culture Mudies, elevaird 
levels ol MMP-2 or M'J l MhdR can also be dctrcled in 
Ihc homogt^naiL-b of li^sues rt:.scacd from paiic-nis 
^ilh gliomas. In paninilar, l}le^e levels increase wlih 
ilje flr-idt' of llie di,sca,se 141-^3). Elevaicd levels of 
MMP-9 can also be deieci«d in re&eci«d glioma 
specimens 144]. 

Rccenil), Lumpen et al. Vi'H provided ihc mosi 
comprehensive siudy lo dale of Ihe eypression of 
MMPa in icseaed glioma specimens. By Nonb^rn b)oi 
analyses, norma) human brain (I.e., non-neuroloplcal 
cabCS) had high levels of TlMM-2, while oihcr llMPs 
and MMPs were low. Compared wiih normal brain, 
I he mRNA levels for MTl-MMP, MMP-2 and TIMPl 
were up-regolaied progressively, wlih increasing 
grades of gliomas. Alihou^jjh a sieydy progression was 
noi evidcni, ihe high grade gliobJasioma inuUiforme 
also displayed Inrrea.sed levels of mKNA for MMP.9 
and MT2-MMP. TlMJ* 2 and -3 did not vary with 

increasing gred^s. By immunohisiocbemtMryi 

MT)-MMP and MMP-2 ^ere found to be expressed by 
lumour cells, while MMP-9 was localised lo boUi 
luniour and endnihdiiii cells. This sludy provides ihe 
best evidence lo dale ihal MMP-Z and MTl-MMP are 
crucial in gliomas. 

The lumoor expression of MTl-MMP and MMP-2 in 
gliomas differs from ihe siiuaiion in the periphery, 
where many rumour types themselves do not produce 
MMPs, bui rather induce Uie stroma lo express these 
proieolylic enzymes (see Section 3)- I'his may reflect 
either the poor ability of glioma cells lo produce 
faclors le.g., EMMPRlNs) that .sUmuJiAle MMP expres- 
sion, or may be due lo an inabiliry of non-iian.^formed 
CNS (*ells lo produce MMPs in vivo (alihougb 
CNS-derWed cells arc good producers of MMPs in 
viiro). To lesolve between these nvo pOsSsibilitics, il 
m^iy be inSin>Clive lo measure MMP expression in 
brain parenchyma of patients wliere peripheral 
tumours (e.g., lung oi breasO have meuisiasised Into 
the CNS. 

3.2 MMPs in mulliplc sctero$i$i and experimental 
allrrgiv encephalomyelitis 

Al present, ihe most active lesearch area of the 
consequence of aberr-ini MMP expiession on CNS 
pathology is in ihc field of mulliple scluiosis (MS) 
Over 20 years ago, il was determined that prolenses 
capable of digesting myelin basic proiein (MBP) wcie 
present in the ce.rfbro.spinal fluid of paiienis with MS 
145,^61 or in animals afniried wiih experimental 
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allergic encephalomyelitis (F-AE) 147], an autoimmune 
animal model ol MS. More recently, some of ihese 
proteases were foimd to l)e MMPs. In this regard, 
MMP-2 has been found to he conKiiuirvcly present in 
all CSrs while MMP-9 is found in the CSFs of patienis 
with MS Ol oihei inflammatory neuiOlo;;ical diseases, 
but not in control indivldiials 148-50]. With sieroid 
ueaimeni, MMP-9 levels in rhe CSF of MS patients 
were reduced 15)1. 

3.2 J MMPs are present in the brains of patients 
with MS and EAE 

Immunohisiodicmically-ideniified MMPs are now 
found by several groups to be expressed in the 
auTOpsied brain.s of patients Nvith MS. However, the 
cellular source of MmPs in ii)e brains of MS is conlro- 
vensial. In the brains of subjects who died wiUiOUt 
any appareni neurological disea.ses, or in the 
apparently normal white rnaUer of patients wiih MS, 
MMP-2 iJnd -9 expression have been rep<med lo be 
present predominanlly in parenchymal microglia; 
some astrocytes were also positive [52,53). In 
cunliasl, Cos.sins ei al. 154] found ihai MMP-9 was 
rare, and could (^nly be delected in .some blood 
vessels. Anihony ei ai 155J reponed lhal MMP- 9 was 
largely abse.rtl in ihc bmin while MMP-2 anlibodies 
staiiied neurones. MMP-3 and MMP-7 have been 
detected in microglia 152,54) while endoihellal cells in 
the apparently normal human brain express MMP-3 
and -9 152). 

In the MS Icsionb, riiicrogha and astrocytes have both 
been reponed to be posiiive for MMP-2, -3 and -9 
152-54], although the a.strcx7ie expression has not 
been confirrued 155). Noiewonhy is the accord thai 
immunohisiochemically-idemifjed MMP expression is 
predominanlly in perivasculai infiltrates 152 551. 

Thus, funher clarification Is needed as 10 the CNS glia 
cell type that expresses MMPs in the normal stale, and 
in the MS brain. It has to be noted thai the lechnique of 
immunohisiochemisiry is relatively insensitive, and 
the absence of detectable immunohislochcmical 
Si^^nal may he due to several faclors including fixation 
conditions, the nature of the antibody itself, level of 
expression of the antigen, whether an amplilication 
step is tised during immunohr.stocheinisuy elc Thus, 
a particular MMP member could well be present 
within neural cells but is below detection .sensitivity. 
In common with MS, the develupnient of EAK in rai 
was associated with a 3* fold increa.se in MMP activity 
in the CSF. Quantitative polymerase chain reaction 
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<PCR) q\ .>pinal rord n*vca)rd lhai ol M-\cn diMi-riubk* 
MMP iraasi npts, mairiiy.sin (M.Ml' 7) was di*\iHi*d 
son-fold wUh Ort.*^ei ol climral sympinms. and p^akrd 
with nuximuru disirasi* M*vciiu. "xx'hile MMP-9 ^as 
fk'\au*d 51old. By iinmunohiMochi-mism*, MMP 7 
was IfHtahst'd lo ihc invading* maaopha^cs Jihm ihf 
in^;^mT^'^ato^\' leS)Ons ol iht spinal cord (>f>.t>7J. More 
i(-a-nil>. MMP-12 (nle^alIoelaMy^e) nkus uIm) lourul ui 
he t^levaiod in jnn}immalor>' ivlls in KAl-: I58|. 

3 2J Lcukocylcs utilise MMPs lo inflhratc Ihe 
CND puri'nchyma 

Thi" expression of MMPs, pan)( ularly MMP-7. -9 and 
•1?. hy pi-nvii.sruldJ lrIJko<vu*^ in MS jnnd ]IAZ, I^ 
iliuu^Iii U) l unlrihuic \o iheii infiluiiiion inio ihe- CN\S. 
smiv Jfuk<^")Mc> au- .<h«'>wn to dirprnd ini MMP.s lo 
pL-nriial** baiiicn* m w/rol59.ftO|. Also, maciophaficrjs 
ii(;jn riiL-lalJuCJaftlii.sc (MMP- 12) knOckM>ul mjLv wen* 
markedly diminLshtxl in ihcir capacily U) dc>»radc HCM 
romponenK; furthermore, ihiw maoiophaj^eii v^'eic> 
e.ssi''niially unable it> pfneirau- leionjsiHiiled 
buM-mfnl mi-mbianf.s inviirtt ^nd w vimjlbl] Mtni- 
rei'enll^. u.smp, an <>li*f.:ini i« ^;z7/x; rrn>del of ilje 
blfv)d-biain byniei, lymphocytes treated v\iih inhibi- 
\nrs of MMPs wf^e found in he able to adheje to and 
(iiapedj.se bt'l^^'c'en endoiheljyl cr-lls but were then 
unable lo pt*neli'3ie the next barriei cnnsjMing ul ^n 
arlificial basement membrane mahjx !62J 

3.23 Mechanisms by which MMPs lonlributc lo 
cIiM'^sr prodiidiuD in MS 

What can abnormally expressed MMP.s do m \\k 
('ijnic;st of ihc MS disease prot css? Here, three cHrcis 
Hie possible: 

• blood-brain barrier (BRB) disruption 

• dcgradaUon of myelin 

• cncephalogenjcit)' 

Ro.sfnbcrg cr/ al. 1631 ^'ere ihe first lo repon that the 
iniecuon of MMP-2 into ral brain inaca.s<.-d iapillar\ 
penneabiliTy, which v.'a.*> prevented by injeciion of 
TlMP-2. This has been confirmed \M] In MS paiieTils 
with enhandn;^ lesions on MRl tan index oi Hl-JH 
dyslunciion). CSF levcU of MMP-9 were hi^jb. 
iuipioved KHB permeabilily and decreased MMP-5 tn 
the CSK both orrurrcd with .-"iterold l»e;Mineni 151). 

riexated levels of MMPs can produce demyelinbiiiuii. 
}n a delayed type hypiT.Kensiiivity model of MS in the 
rat. the injection of highly purified aclivaled MMP-" 
and -9 imo the brain parenchyma induced thr loss ol 
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myelin (Ml^P) Maming \(')5>]. The demyelinalon could 
be pre\enicd by lu'-aimeni of anin^als widi an MMP 
inhibiitM. 1MM103 U^d] 

J-malK . thf proii-(:l>'.sjs ofC^S pn^iems by MMPs may 
it-Mjli in pioducis tliat yie hHrniful. Some of the MHP 
/raf'iiients of MMP-difzesiion are enccphaiogenjc 1671. 
sexeral purified MMl's can dvrgrade MHP. and lhe.se 
include MMP-2. slrtjinely.sin-l . interstitial colla^enase. 
malnlysm. MMP 9 and MMP 12 15H,6<;| 

Inhibitors of MMPs can ameliorate EAE 

G]\en tlie accurnulatin>{ evidence that MMPs have a 
role m ihr mniJmmaUon and tissue destruction in MS 
01 EAI. It i> not surprismy that inhibitors of MMPs have 
been sh<)wn to ameliorate EAt. 'ihc first report 
indieaied that GM6001. when admlnisicred dally to 
rats with EAE either from the lime of di.scrase induction 
or from the onset of f linical sympinnis. 5Uppiessed the 
(ievelopmeni of leveisrd clinicrd EAE |70). Ro31 9790, 
j>ivt-n daily eiihci at the Uine of disea.sc induction or 
fiom 3 days po.si induction, reduced the clinical 
srveni) oi adopuveh uansferred tAK. AdminiMration 
of ihe iiihibilor Irom the day ol induction of active EAE 
prevented disease onset in 9(J% ol anmials. 1 li.^^iolojii- 
cally. decreased inllammalion wa.s .seen 171 1. DB-]101 
\Kas al.su effecnive in rai KAE, reducing the disease 
sever It) and wei^jthl loss IM] 

Keccntl>. an MMP inhibitor was lound to block and 
leveist- acute disease, and also lo reduce the nun^ber 
oi relapses and mean cumulative disease iicure in 
einonic relapjiinjj animals. Demyelinaiion and ;j:hal 
scarnng ^"as also trdured. as was CNS gene expres 
sum of TNK a and fa.sl. F.xpicssion ol the beneficial 
cytokine. JL-^. v^ as incu-ased. In acute EAJE. ihere was 
decreased infl;imm;4tion, wherea.s this was no! 
yppaienl in the cliionic animals. 'Ihus. Ihe 
mechariij>m.s of alleviation of disease in acuie and 
chiornc EaE may be dtflcrreni 173 

3JJ.5 Intcrftron-p is an inhibilur of MMP-^P 
production 

While clinical irials of MMP inhibitors in MS have* vet 
10 be initialed, the .sior^^ of interftrion-p (iF.\ p) 
deser\'e« lo be mentioned IJ-N-P lias l>ecn fihown to 
he effirarions in paiienis with MS, in ihni this dru>i 
reduces the riurul^cT and seveniy of relapsCb. a.s well 
as the number of lesions that apf)ear on MKJs. "flie 
mrchriniMTis by v.'lne)i )FN p ib elliCti\*jOU?i in MS 
unclear Ueviewed m 173)), but an iniercstini? obserx'a- 
lion, published .simuliaru-ously by two groups. Is iliat 
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ihifJ drug reduces ihe producUon of MMP-9, and 
hence Icukocyie iraffickiiig tn vUro I7^,75J. Further 
nioic, HW'^ producUun by T-lyinphocyie6 ina•e^>^<^^ 
in ufsponse lo ihe chemokinc MCP-1, and ilm was 
blocked by IFN-p 176]. Thus, ahhough rb^sir MMP 
inhibitors have ntji been foiinalJy subjected lo clinical 
irial.s in MS, it is noteworthy that a clinically efficacifni.s 
MS drii^i, IKN p, has an imponanl net rcs\jh, at least in 
vilrOi of dccrQi*i*iinj5 MMF pruduuiun and leukocyte 
inJTicking. 

3,2.6 T>)e secretion of TNF-a is 
iDttdlloproleinaso-dcpcndral 

The pro-inflammatory cytokine, TNF-O, is fiisi 
produced as a membrane-hound 26 kDa profoiin 
which ib ilien pioteolyiicaJly proressed into the 
mature soluble 17 kDa foim- Jnilially, this cnnvcrsion 
was ihoughi to be MMP-dependenl |77,78), but more 
recent work ha.s revealed that the TNF-a convening 
enzyme (TaCH) is not an MMP, bui a moinbiane- 
bound dlsJntegrin mcialloproieinase 179,80] 
belonging to the adamaly.sln mcialloproleinases. 
These are ^inc-dependeni meialloproicinascs 
( onlaining both a disJntegrin and mcianoproicmasc 
domains (ADAMs). TACE ha.s been designated 
AUAM07. Some MMPs have TACE-like acliviUes. The 
purified caialyiic domain of TACE is inhibited by 
peptide hydroxamate inhibitors and by T]MP-3i but 
noi TlMP-1,2 oi 4 181]. The generation of mature 
"J'NF-a by MMPs. or by ine tail opioteinasei such as 
ADaM*17, can lead 10 the propagation of a 
pro-infl^mmaiory environment within the CNS. 

Summary of M]SlPs MS 

In .summary, a great deal of evidence implicates the 
abeiTtini t=?(pre.^.sion of MMPs in ihe patholop.y of M.^ 
Aliliough there is confusion 35 lo the principal MMP 
membeKs), or i\s cellular Kource(s) criiical in MS, ihe 
larger picture would ffuggcrst that targeting MMPs \s a 
reasonable approach 10 improve the ireaimcm of 
paiicniii with Ihe discabe. 

4. MJVJPs in ulhcr disorders of ihc kiltvuu^ 
syblcm 

Despite a Jack of published research^ MMPs are 
implicated in other CNS disorders. 

4.1 MMPs in Akhcimcr's disease 

The ^ kDa atjiyloid proictn, AP (or Pa4), is the major 
cun.siiiuenl of amyloid plaques obsei-ved in ihe coneJt 

Q Ashley Poblicaiions Ud. All rights rcBcrved. 



and hippocampus of the brains of patients wiih 
Alzheimer's disease (AD); iis deposition is an early 
and coasianl event in the ^ctjuclac of ihc pathogenic 
cascade of Ihe di^sease . 'I^e role of MMPs in AP 
dcpoxiiion is conuoversial, in that MMPs have been 
reported to be either amyh^idogenir Ift2l or lo break 
down Ap in the extracellular bpace, and (hu.s prevent 
il5 acrumulalion. MMP-2 activity did not differ 

bervveen AD and coniro) hippocamp?! lissue but 
MMP-9 activity by zymography was increased 4-fold 
in AD (831. Using immunohistochemisiry, the 
presence of TIMP has been observed in the neurilic 
.senile pluquch and ncurunbrillary langles of the brains 
of palienlii; with Alzheimer's dlsea.vc \BA]. 'J7ie.sc 
authors sperulaied that an MMP mjghi he excessively 
produced or aciivaied in selected locations of Ap 
depObition and that, since TIMPs have high af/inily for 
MMP.S, Ihe TlMPs lacalivsed lo ihcNe sites. 

More recently, it was suggested chat the breakdown of 
APP to gerjeiate AP-coniaining C-iemiinal fniginenu 
was due to the aaion of non-MMP metalloproteinases, 
hincc ii5 activity v^ as not inhibiiable by llMRs IH51. 

In other research, Qiu e/ at. 186] Mudied how Ap may 
be degraded by incubating ihc conditioned medium 
(CM) of mciabolically- labelled AP'SCCTciing cells with 
m^dia of various culmred cell lines. Qiu ei ai 186] 
found that die CM of a njicroglia line produced the 
nio.M AP degrading activity. Tfils was blocked by 
phenanthrolinc. but is likely not to be a MMP since the 
CM that was passed through a gelatin sepharose 
binding gel did noi resuli in loss of Ap-deijrading 
aciiviry. Similarly, anf^iher group (871 found that 
microglia, but not astrocytes, produced AP-degxading 
aciiviiy of about 200 kDa. The Ap-degrading activity 
was blocked by baiimastat and 1315-2116, but not by 
TIMR leading the authors to suggest that microglia 
may Impair amyloid plaf|ue formation by release of a 
non-MMP metallopioieinase that degrades soluble Ap 
before polymerisation. 

Piesently, il lemains unclear to the n;le of MMPs, if 
any, in Akheiiner's disease. Clarification is needed as 
to whether MMPs arc amyloidogcnJc or whether they 
preveni Ap 'jcrumnlyiion, and whether MMPS Serve 
other funaions in the disease. 

4J IMMPs in stroke 

In experimenial models of stroke, such as in middle 
cerebral anery occlusion CMCAO), an increase in MMP 
aaiviry aiound ilie infarct ^one huj> been detected: 
MMP-9 ;<cnviiy mcrea.sed by l*2h and MMP-2 by five 

Ixp. 0pm. Invest. Dru^s (1999) 8(3) 
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day> 188) Lamp subtraclivf CND library siraieg^ loi 
diMovt*n ol per^e^ dirfermuiilK c^prc\*iM*d in tmral 
Slrokc (MCAO). TlMp-l mKNA viH> loured lo bi' 
robiisily induced IS9). 

Eie'vaiion ol MMP-P ^^'aK also d<M(.^cif»d in autopsy 
brain sprcimeas b> iwo da\ posi inluraion and 
remained i-lfvalfd in cases dyinja monlh> after ihc* 
i-vcni )niTcfasi*s in MMP-2 wrie suhili* ai x^o lo fixe 
days, but ajr<<in. were* marked and Mj^niljcijni in c:j>o> 
dyin;; m«nlh^ ^Her ibi" eveni l90|. By immunohisti). 
i-hi'misin-. MMP-9 siron^^h cxpn^ssed by 
nt'u!T0ph7)> in inliiicicd \\ss\ics Imm p:J!ji-nt.s up U3 
nni* v^'eek aher an iniard (MMF-2 and -7 were k\s.s 
marked). From one week lo five ytrars. nfiJlr(5phil> 
wLTf abseni. ^jnd the l;*rpe numbc-i ol maa()pha|>e.s 
preseni wt-je M.MP-2 and 7 immunon^ariive 15^) 

Hecenlly, n waN reported lhat the ircauneni in mh 
wiih a ncuiralisinp MMP-9 antibody 3h belort^ MCAO 
leducrd infard .size by im* when roinpyrcd to 
iNOlypt- c-onirol. 'llnua, IVIMP.9 »»» involvrd in Ihi* iniiial 
lissue dcMrudion, and com ribi lies lo ilie rapidl> 
developing brain injury lhal occurs aher Mrokc 1911 

The cxj.simi' Jileraiure would sug^jesi ihai MMP,s aie 
generally involved in ccriain a.spms ol sliokf . 

« MMPs In other nervous system disorders 

Aberrant e?cpfessiOn of MMPs has been proposed to 
have a roU- in ihc palhOi»cncsiK of amyoiiopliic lateral 
sdcrasis 1921. ,<;ei;cures l93Jr batncrial 1941 and viral 
inenm^itis i95l wnd in nruroblasiomas 190,97] Further 
.studies are neres.vary to e.slSibli.Nh the mechanisms by 
which MMPfi coniiibuie, if ai all. lo these di.vOrdc*r.N 

5. The bencruial roles of MMPs in the 
nervous systems 



A ^rowin^ body of literature indicaies that MMPs have 
important beneficial efTcas on the nervoui system 
Ourinp developinenl, proleina.^e^, including MMP>. 
are produced at the lips of prowlh cone.s to facilnaic 
axonal elonj^aiion I9ft-100). bt.inlro. MMP inhibi\or> 
attenuate jj^rowlh cone aciiviiy. including the 
cessation of bpike extension and ruHling UOJ] 
XoiTOliophic factors, including nerve prov\ah, tat ior 
increase Ihe expression o) MMP-2 and neuiite 
ni.iigio\A'ih by OJK'i neutoric^ [99J or induce ihe 
cxpre.ssion ol stromelysin-l in VCn cells iJ02l. 

MMPs mav also modiibte the niigraiion of piogeniior 
cells to iheir dcsii nations duiing neural developineni 
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At least V7 i:uro, the migraiion of the olifiodendrocyie 
piogenitor. the 0-2A cell, rec^uires MMP aciivity 11031. 
The ioiinaiion ol oligodendiogllal piotrsses. a 
prerecjuisiie event in myelin lormaiion, is also 
dependent on MMP aclivtty 11041. 

MMP> likeh also pla\ a lOle in the repaii ol the C\b 
during injuiy 14). Be.sides the cleafitnce ol de.bris. ihe 
migfatic^n of precursor Ci->ns lo ihc mjurs' site lu 
leplrni.sh loM eells roulri be MMP-dcpendent, Zb are 
the J;M•K•e^^e^ ol angiogenesis. a.\onal legjowlh or 
lenivelinalion MMP«i may also be involved in (he 
degradaijon of non-perini^sive KCM Substrate (e.ft.. 
chondroiiin sulfitie proieopjyrans) in order to allow 
laci))aiuiy ECM suhsiraies f e g., laminins) 10 promote 
neuiite extension: this was leeenily deniunsiniled 
elegantly tn doiNa) ruo« ganglion neuioncs that ^eic 
made lo exitcnri neuiilcs on nerve segrnenis 1105]. 

In addition to ilie above, il is likely that MMPs also 
.serve other usefiil functions in Iht- nervous syslem, 
inan\ ol which lemain lo be clucidaiecl. Any potential 
u.se of MMl* inhibitors to lieal ntriinjloyieal diseases 
will have to take imo aea)unl ihe faci ihai MMPs also 
sub.serve u.^^eful lunciions in the nervous system. 



6» The complexities of the use of MMP 
inhibitors to treat neurological diseas es 

h Ts obx ious, 'a.s mentioned above» that the use of MMP 
inhibnoih lo ireat neurological df.sea.ses will have 
side-efft-eli. In the context of MS, lor example, MMP 
inljibMors may he useful in altenualin^ inllammalian 
oi ihe desiruction ol myelin, bui may leiarri aciempis 
at rt myelinaiion. To lacibwte ongoing lecovery, the 
consideied use of MMP inhibitors to lieal MS for a 
briel penod m oider lo curb arute inflammation, ih 
perhaps desirable 

Ano\bej consideraijon Is whether these agents get 
into the CNS. However, since llse l)lood-brain barrier 
is Iraky in many neuiological dise^ases, penetration 
into the CNS is likely not to penain. t^speeially as mar)y 
MMP Inhlbitor^ aie small molerulcs and are highly 
lipophilic. 

A major issue lhal needs to be re.solved Is ihe 
specifioiy of the MMP inhibitors. Although labelled as 
*MMP mhihiiors', il has become evident thai many of 
the hydmxainate based inhibituKs ol MMPs also affect 
the larger family of ineizinein melalloproieinases 
|]06] Thesr are Zn-dependeni meialloproieinases 
wlieie Ihe active j»ite zmc is co-oidinaied by threr 

Kjp OpmJnH^u Drugs 0999) ^(3) 
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hisiidine residues in a conserved orieniauon: 
HK30CHXXGXXH. Theie Is al^o a diMinci p-turn 
delineated by a melhimiine residue which is 
iniponant in mainlainin;^ ihc conloimaiion of Ihtr 
aciivf siie. Meizim m subgroups include ihe MMPs, 
aMacins (e.g.. bone moiphonieiric proiein). 
henalysins, and adamaly.sins. The lasi art- subgrouped 
inu; ADAMS (a disiniegrin and meialloproicinajiCO and 
snake venom^Hkc mclaHoproteiniises (reviewed in 
I107J). ADAM-17 (TACE) has been desiCiibed above, 
x^'hile aDAM-10 n<U7.banlanX has an imponani role in 
noich si|>nalllns and CNS development 1108.309]. 
Thus, ihe issue of wheiher ihe 'MMP inhibitors' largei 
the iari^er family of meUincin meuilloproieinases 
iH-eds to be con-siderred. since this nbvioui^Jy will 
cx\end the range of possible side-effecLs. 



7. ConclusSon ' 

MMPs play a roJc in neuiological discasci; evidence is 
Rix)d for iheir involvement in malignant gliomas and 
rnuKiple .sclerosis, largeiing MMPs is likely lo pioduce 
strvml therapeutic benefits, hosK^ever, this has to be 
balanced against the observation thai MMPs have 
many benefjcial acilons in the CN5. Current *MMP 
inhibilors', with ihe exception of T) MPs. are likely lO 
largei members of ihe larger meizincin meialloprote- 
ir^ase family and their association wUh several 
side-effecih is probable. Finally, it 'would he imporuni 
\0 develop selective inhibitors not only against the 
MMP family in cumrast lo all meizincin metalloproic 
inases, but also against individual MMP family 
members, so thai spcxific inhibiiion ol a parliculai 
MMP can be iichieved. In so doing, ihe incidence of 
sidc enccus can be reduced in tandem wiih inerea.sed 
drug potency. 
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sequences identified, it might be possible, using either 
conventional pronuclear injection techniques or viral 
vector technology, to create transgenic montane voles 
that carry a functional OT or V,^ receptor transgene 
with expression driven by prairie vole promoters. This 
might result in montane voles in which the pattern of 
neuropeptide-receptor gene expression and poten- 
tially, social behavior have been altered. If successful, 
and provided that the appropriate transcription fac- 
tors and second-messenger pathways are in place, 
these experiments should demonstrate the behavioral 
consequences of altered receptor expression and 
potentially establish a link between specific genes and 
monogamy in rodents. 
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Matrix metalloproteinases and diseases of 
the CNS 

Voon Wee Yong, Craig A. Krekoski, Peter A. Forsyth, Robert Bell and Dylan R. Edwards 

Matrix metalloproteinases (MMPs) are increasingly being implicated in the pathogenesis of several 
CNS diseases. In multiple sclerosis, MMPs could be responsible for the influx of inflammatory 
mononuclear cells Into the CNS, contribute to myelin destruction and disrupt the integrity of the 
blood-brain barrier; In Alzheimer's disease, MMPs might mediate the deposition of amyloid 
P-proteins; and MMPs are known to contribute to the invasiveness of malignant glioma cells and 
might regulate their angiogenic capacity. Nonetheless, MMPs.could also have beneficial roles in 
recovery from CNS injury. Therefore, both the identity of the MMP and its cellular origin could 
determine whether disease pathogenesis or regeneration occurs, and thus synthetic MMP inhibitors 
might be valuable for treating some CNS diseases. 
Trends Neurosd (1998) 21, 75-80 



MATRIX METALLOPROTEINASES (MMPS) are pro- 
teolytic enzymes that are involved in the remod- 
elling of the extracellular matrix (ECM) in a variety of 
physiological and pathological processes. The MMP 
family consists of at least 18 members (Table 1) that 



have common propeptide and N-terminus catalytic 
domains (Fig. 1). Additional, fibronectin-Iike repeats, 
transmembrane domains and C-terminus hemopexin- 
like domains allow categorization of MMPs into the 
coUagenase, gelatinase, stromelysin and membrane-type 
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TABLE I. Members of the matrix metalloproteinase (MMP) family 



Group 


Members 


MMP number 


Main substrates 


Collagenases 


interstitial collagenase 


MMP-I 


Fibrillar coltagens 




Neutrophil collagenase 


MMP-8 


Fibrillar collagens 




Collagenase-3 


MMP- 13 


Fibrillar collagens 




Collagenase-4 


MMP-? 


Not known 


Gelatinases 


Gelatinase A 


MMP-2 


Gelatin. Types IV. V collagens, fibronectin 




Gelatinase B 


MMP-9 


Gelatin. Types IV, V collagens, fibronectin 


Stromeiysins 


Stromelysin-I 


MMP-3 


Lamlnin, non-fibrillar collagens, fibronectin 




StromelysIn-2 


MMP-IO 


Laminin. non-fibrillar collagens, fibronectin 




Matrllysin . 


MMP-7 


Laminin, non-fibrillar collagens, fibronectin 




urnci)rSin*<> 


MMP. 1 1 


a 1 proteinase inhibitor (serpin) 


MT-MMPs 


MTI-MMP 


MMP.14 


Pro-MMP-2, collagens, gelatin 




MT2-MMP 


MMP- 15 


Pro-MMP-2, collagens, gelatin 




MT3-MMP 


MMP- 16 


Pro-MMP-2, collagens, gelatin 




MT4.MMP 


MMP- 17 


Pro-MMP-2, collagens, gelatin 


Others 


Metalloelastase 


MMP- 12 


Elastin 




Enamelysin 


MMP.? 


Not known 




Xenopus MMP 


MMP-? 


Not known 




Not known 


MMP- 19 


Aggrecan 



Abbreviations: MMP, matrix metalloproteinases: MT-MMPs, membrane-type matrix metalloproteinases. There is no MMP-4, -5 or -6. MMP-? refers to 
members where the numerical desi^tion has not been assigned. 



MMP (MT-MMP) subfamilies. Physiologically, MMPs 
are thought to be important in wound healing, ovu- 
lation, blastoq^st implantation, bone growth and angio- 
genesis. In contrast, MMPs appear to have a patho- 
logical role in a variety of disease processes such as 
tumor invasion and metastasis, rheumatoid arthritis, 



Propeptide 
region 



N-terminus 
catalytic domain 



C-terminus 



Hinge 
I region 



Collagenases 



Gelatinases 



Stromeiysins 1-3 
and metalloelastase 



Matrllysin 



MT-MMPs 




Fibronectin-like^ 
repeats 



Znl 



Fig. 1 . Modular domain structures ofthemiArIx metalloproteinases (MMPs). The N-terminus propeptide region has 
about 80 amino adds and is common to alt MMPs. An invariant cysteine residue in the propeptide domain tigates to 
the zinc ion (Zn) of the catalytic domain and tjlocks its activity. The C-tenninus domain, present in all MMPs except 
matrilysin, has a high level of homology wfth members of the hemopexin family. C- and N-terminus domains are con- 
nected by a linker 'region or hinge that is short in coUagenoses and long in other MMP^. 



periodontal disease and atherosclerosis. This review 
highlights the evidence that MMPs also have a patho- 
genic role in several CNS diseases, paying particular 
attention to multiple sclerosis, Alzheimer's disease 
and malignant gliomas. The possible role of MMPs in 
facilitating CNS recovery is also discussed. 

Regulation of MMP activity 

Because MMPs can catalyze the 
degradation of all the protein con- 
stituents of the ECM, it is impor- 
tant that their artivities are kept 
under tight control to prevent tis- 
sue destruction. The activity of 
MMPs is regulated in three ways: 
gene transcription, proenzyme acti- 
vation and by the action of tissue 
inhibitors of metalloproteinases 
(TIMPs). 

Most MMPs are not constitutively 
expressed, but gene transcription 
can be induced by stimuli includ- 
ing phorbol esters, growth factors, 
inflammatory cytokines, oncogene 
products and cell-ECM or cell-cell 
interactions. In most cases, these 
stimuli induce the expression of 
members of the c-fbs and c-jun proto- 
oncogene families, whose products 
form the homo- and heterodimeric 
forms of the activator protein- 1 
(AP-1) transcription factors. The 
AP-1 factors bind to specific DNA 
sequences (called AP-1 binding 
sites, . phorbol ester response el- 
ements or TREs) in gene promoters 
or enhancers, thereby affecting 
transcription. The promoter re- 
gions of MMP-9, stromeiysins 
and collagenases contain the AP-1 



Membrane 
domain 
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sequence, whereas MMP-2 does not, suggesting that it 
could be constitutively expressed. 

The MMPs are initially expressed as inactive pro- 
MMP zymogens where a zinc atom present in the cata- 
lytic domain is bound to a cysteine residue in the 
pro-peptide region. Activating facton disrupt the 
cysteine-zinc interaction ('cysteine switch^ and thus 
expose the catalytic site; the result is a partially active 
. intermediate form of the enzyme that can cleave the 
propeptide region by autocatalysis and render the 
enzyme fully active*. An important physiological acti- 
vator of pro-MMPs is plasmin, a serine proteinase that 
is generated from plasminogen by the action of tissue- 
or urokinase-plasminogen activator (uPA). Activation 
of the MT-MMPs also requires removal of a propeptide, 
but this is catalyzed by a serine proteinase, furin. 
Activation pathways can co-operate, leading to the 
activation of additional downstream MMPs such as 
MMP-9, as shown in Fig. 2. The activation apparatus is 
localized on the surface of the cell, and an important 
consequence of this is that proteolysis is greatest in 
the immediate pericellular environment, where it can 
influence cell-<ell and cell-ECM interactions. 

Following activation, MMPs can be regulated by the 
formation of tight, 1:1 non-covalent complexes with 
TIMPs (Ref. 2). The four known TIMPs share many 
properties but also have distinct activities (Table 2), 
suggesting that they might have specific physiological 
roles. The functional relationship and interaction 
between TIMPs and MMPs is complicated: TIMPs form 
complexes with the inactive pro-enzyme forms of 
gelatinases via interactions that are different from 
those between TIMP and the active form of these 
enzymes. These complexes, such as the pro-MMP-9/ 
TlMP-1, pro-MMP-2/nMP-2 and pro-MMP-2/TIMP-3 
complexes, control the rate at which physiological 
factors activate MMPs. For example, TIMP-2, when 
complexed with MMP-2, has been shown to be an 
adaptor molecule that allows pro-MMP-2 to become 
associated with MT-MMPs (Ref, 2). Thus, an important 
aspect of TIMP-2 (and TIMP-3) function is that cell 
behavior critically depends on the stoichiometry 
between TIMP-2, MT-MMP and MMP-2. Low concen- 
trations of TIMP-2 favor pro-MMP-2 activation, and 
high concentrations block activation by neutraliz- 
ation of all available MT-MMP binding sites. 

The TIMP genes are also regulated: because the pro- 
moter region for TIMP-1, but not TlMP-2, contains an 
AP-1 site, the MMPs and their inhibitors can be co- 
ordinately induced. However, in some cases opposite 



Collagenase-I 



Pro-MMP-9 



MMP-9 



Plasminogen 




uPAR 



Furin 



Extracellular 
region 

Ceil 

membrane 

Intracellular 
region 



Hg. Z Cascade of matrix metalhprotelnase (MMP) activation at the cell surface. The 
coordinate activation of several MMPs is initiated by the formation of plasmin. Pbsmin is 
produced from plasminogen by the actbn of urokinase plasminogen activator (uPA) that is 
anchored by its receptor, uPAR. Plasmin can activate MMP-9 and stromelysin-l, and the tat- 
ter can in turn activate ottier MMPs, including MMP'9 and collagenase-l, thus amplifying and 
broadening the activation cascade. MMP-2 is activated by membrane-type MMPs (MT-MMPs) 
that are activated by furin proteinases. 

patterns of regulation of MMPs and TIMPs have been 
described. For example, in fibroblasts and endothelial 
cells, TGF-p upregulates TIMP-1 expression and 
represses stromelysin and collagenase expression^. 
Additionally, in human peripheral blood monocytes, 
interleukin (IL)-IO enhances TIMP-1 production but 
decreases MMP-9 biosynthesis; this was cell-type spe- 
cific, because IL-10 did not affect TIMP or MMPs in 
fibroblasts*. 

Under physiological conditions, MMP activity is 
precisely coiitrolled; however, excess MMP production 
and activation is thought to be a key feature of 
the pathology of many inflarrunatory and malignant 
diseases. 



TABLE 2. Properties of tissue inhibitors of metalloproteinases (TIMPs)* 





TIMP-1 


TIMP.2 


TIMP-3 


TIMP-4 


Chromosome gene location (human) 


Xpl 1.23-1 1.4 


l7q2.3-2.5 


22q 12. 1-13.2 


t 


Protein (kDa) 


28 


21 


24 


22 


RNA (kb)t 


0.9 


3.5(1.0) 


4.5(2.8.2.4) 


1.2 


Major sites 


Ovary, bone 


Lung, brain 


Kidney, decidua, brain 


Brain, heart 


Expression 


Inducible 


Largefy constitutive 


Inducible 


f 


Predominant form of expressed molecule 


Secreted 


Secreted 


ECM-associated 


Secreted 


Pro-MMP complex 


MMP-9 


MMP-2 


MMP-2 


} 


Inhibition of MT-MMP 


No 


Yes 


Yes 


} 


Inhibition of gelatinases 


Yes 


Yes 


Yes 


Yes 



*Revievsfed In Kth 2«3. f. numbers in brackets denoce possible splice variants. Abbreviations: ECM, extracellular matrix; MMP, matrix metalloproteinases; 
MT-MMP. membrane-type matrix metalloproteinases; U unknown. 
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MMPs in multiple sclerosis 

Several lines of evidence suggest that MMPs are 
important in the pathogenesis of multiple sclerosis 
(MS). The demonstration that proteases capable of 
catalyzing the degradation of myelin are present in 
the cerebrospinal fluid (CSF) of patients with MS or its 
animal counterpart, experimental allergic encephalo- 
myelitis (EAE) (Ref. 6), is long standing; some of these 
have been identified as MMPs (Ref. 7). Furthermore, 
various members of the MMP family can be found in 
the brains of patients with MS (Refs 8,9), or animals 
with EAE (Ref. 10). All cell types of the CNS are poten- 
tial sources of MMPs. In vitro, neurons* \ astrocytes"- 
microglia"'" and oligodendrocytes** express various 
MMP family members, and the production of MMPs 
by neural cells can be up-regulated by several inflam- 
matory cytokines. In autopsied brain specimens of 
normal subjects, MMP-iike immunoreactivity (for 
MMP-1, -2, -3 and -9) is localized in microglia and 
astrocjTtes, MMP expression is up-regulated in these 
cells, and also in perivascular macrophages that are 
present in active brain lesions of patients with MS 
(Refs 8,9). In the normal rat, transcripts encoding at 
least seven MMPs are found in spinal cord extracts: 
these are MMP-2, -3, -7, -9, -11, -13 and -14. In ani- 
mals afflicted with EAE, MMP-9 showed a modest 
increase, whereas MMP- 7 (matrilysin) was elevated 
> 500-fold By immunohistochemistry, matrilysin 
was found to be up-regulated in perivascular 
macrophages and astrocytes of rats with EAE (Ref. 10). 

Concurrent with the early evidence of proteases in 
the CSF of patients with MS or animals with EAE, 
Brosnan et aV^ reported that several non-specific pro- 
tease inhibitors reduced the symptoms of EAE in Lewis 
rats. More recently, attempts to alleviate MS and EAE 
have focused on the use of synthetic inhibitors of 
MMPs. A hydroxamate inhibitor of MMP, GM6001, 
was found to suppress the development of, or reverse 
established EAE in rats when administered either from 
the time of disease induction or from the onset of clini- 
cal symptoms, respectively* Another hydroxamate 
inhibitor of MMP, Ro31-9790, reduced the clinical 
severity of adoptively transferred EAE, and prevented 
the onset of the disease in 90% of animals*^ A broad- 
spectrum MMP inhibitor, BB-1101, also reduced 
weight loss and severity of EAE (Ref. 18). 
. The mechanism of action of MMP inhibitors in EAE 
could include the inhibition of MMPs that have 
been secreted by inflammatory cells or the reduction 
of tumor necrosis factor-alpha (TNF-a) production. 
T cells produce several MMPs, and the migration of 
T cells and macrophages across ECM barriers requires 
their production of MMP-9 (Refs 19,20). Thus in MS 
or EAE, MMP inhibitors might act by preventing the 
influx of inflammatory cells across the basement 
membrane or ECM barrier that surrounds cerebral 
endothelium. Indeed, it has been shown that the inhi- 
bition of MMP-9 activity of T lymphocytes is a major 
mechanism of action of interferon-beta, a drug used 
cUnically in MS (Refs 19,21). 

The blocking of the conversion of a 26 kDa mem- 
brane-anchored protein, pro-TNF-a, to the mature 
17 kDa secreted protein is another mechanism by 
which MMP inhibitors might influence MS or EAE In ad- 
dition to being pro-inflammatory, TNF-a can damage 
oligodendrocytes and myelin both in vitro and in vivo. 
However, recent work suggests that the major TNF-a- 



converting enzyme is not an MMP: the conversion is 
not inhibited by TIMPs, and none of the purified 
MMPs, tested cleaved pro-TNF-a with appropriate 
specificity. Indeed, the TNF-o-converting enzyme was 
recently purified and cloned by two independent 
groups, and was identified as a membrane-bound 
disintegrin metalloproteinase of the adamalysin 
family^^-^s. 

Yet another deleterious action of MMPs in MS and 
EAE relates to their effects on the integrity of the 
blood-brain barrier (BBB): the injection of MMPs into 
the rat brain increases capillary permeability and can 
be prevented by TIMP-2 (Ref. 24); others have found 
that an intracerebral injection of MMP leads to exten- 
sive leakage of the BBB (Refs 18,25). In particular, 
Matyszak and Perry^^ demonstrated that the break- 
down of the BBB, and the reauitment of T cells into 
the lesion site caused by a delayed-type hypersensitivity 
response, was reduced by an MMP inhibitor. The 
authors also found that the myelin loss caused by the 
delayed-type hypersensitivity response was signifi- 
cantly attenuated by the MMP inhibitor. 

In summary, the aberrant expression of MMPs 
might be important in neuro-inflanmiatory diseases 
such as MS, and thus MMP inhibitors might enable 
advancements to be made in the therapeutic treat- 
ment of these diseases. 

MMPs in Alzheimer's disease 

An eariy feature of Alzheimer's disease (AD) is the 
neocortical deposition of amyloid-p proteins (Ap), 
which arise from the proteolytic cleavage of a larger 
integral membrane protein, p-amyloid precursor pro- 
tein (APP). Extensive studies of APP metabolism have 
shown that it can be cleaved by the action of multiple 
proteases, called secretases, that remain to be charac- 
terized. The protein APP is cleaved predominantly by 
an a-secretase, and yields a. large N-terminus fragment 
that is secreted (termed sAPPa or a-APPs) and a 
membrane-associated 10 kDa C-terminus derivative; this 
mode of cleavage is not thought to be amyloidogenic, 
because the cleavage occurs within the Ap region. An 
alternative pathway utilizes p-secretase, leading to the 
secretion of p-APPs, and the retention of a 12 kDa 
membrane-bound fragment that is thought to give 
rise to Ap following cleavage by 7-secretase. In addi- 
tion to the a- and p-secretory pathways, a substantial 
portion of full-length APP appears to be degraded in 
the lysosomal system". 

When mixed glial and neuronal hippocampal cul- 
tures were exposed to Ap, an increase in the expres- 
sion of several MMPs was found", suggesting that 
MMPs might be increased in AD-afflicted brain tissue. 
An early report that a calcium-dependent metallo- 
proteinase, reminiscent of gelatinases, is expressed at 
higher levels in hippocampus from AD patients com- 
pared to controls is consistent with this idea'^ 
Furthermore, it has been reported by Miyazaki et al}^ 
that MMP-2 can cleave Ap at the a-secretase site, 
and conversely that APP has a domain that inhibits 
MMP-2 activity. Independently, it has been shown 
that MMP-2 can cleave the hiU-length APP (Ref. 30). 
These results suggest that MMP-2 might produce 
a-APPs at the plasma membrane or degrade Ap in the 
ECM, or both. In either case, Ap accumulation would 
be prevented. However, others^' were unable to repro- 
duce these results and reported that MMP-2 could 
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have p-seaetase activity, and thus would be amyl- 
oidogenic. Other candidate a- and p-secretases have 
been proposed based on their ability to cleave sub- 
strates that mimic the native APP cleavage sites^^. 
Whether or not MMP-2 can deave APP in vivo is still 
under debate^'-^^. 

Other corroborating evidence is that TIMPs have 
been found in the amyloid plaques and neuiofibrillary 
tangles of AD-afflicted brain tissue'*. These authors 
speculated that an MMP might be excessively pro- 
duced or activated in selected locations of Ap deposi- 
tion, and that TIMPs might become localized in these 
sites because of their high affinity for MMPs. It is 
also conceivable that the deregulation of TIMPs 
contributes to Ap production in AD. 

The role of MMPs and TIMPs in AD remains to be 
fully determined. It is important to clarify whether or 
not MMPs (or TIMPs) are amyloidogenic or prevent Ap 
accumulation, because they are candidates for thera* 
peutic or preventative modulation. 

MMPs in malignant gliomas 

The classical area of MMP research is tumor inva- 
sion and the metastasis of systemic cancers. Invasion 
requires at least two changes in cell behavior: first, the 
affinity of cells, either for each other or for the ECM, 
must decrease in order to allow the release of cells 
from the primary tumor; second, the surrounding 
ECM must be remodeled by the local production of 
proteolytic enzymes in order to allow for cellular 
migration. Various MMPs are elevated in many types 
of human cancers including breast, colon, prostate, 
bladder, ovarian and brain neoplasms (reviewed in 
Ref. 35), and several synthetic inhibitors of MMPs 
have been shown to reduce tumor invasion and 
metastasis in animal models. Furthermore, the over- 
expression of MMPs (including MT-MMPs) in cells 
increases their metastatic activity, whereas the overex- 
pression of several TIMPs reduces their Invasiveness'*. 
Surprisingly, the increased MMP expression in most 
tumors derives from host stromal cells rather than the 
tumor cells themselves, highlighting the importance 
of tumor-stromal interactions". 

Malignant gliomas are the most common type of 
malignant brain tumors in adults, and are second only 
to stroke as the leading cause of death from neuro- 
logical disease. Although malignant gliomas rarely 
metastasize outside of the CNS, they are extremely 
invasive tumors. Local dissemination inevitably 
occurs and is a major cause of the high morbidity and 
mortality of the disease; MMPs might be responsible 
for this highly invasive behavior. A strong correlation 
can be found between the invasiveness of glioma cells 
in vitro or in vivo, and their production of MMP-2, 
MMP-9 or MT-MMP (Refs 38-40). It has been shown 
that the expression of MMP-2 by ghoma cells corre- 
lates with their invasive rate*° and, in a few patients, 
accounts for metastasis outside the CNS (Ref. 41). 

In contrast to MMPs, TIMP-1 and -2 concentrations 
can be low in malignant gliomas*^ suggesting that 
decreased inhibition of MMP could contribute to their 
dysregulation in these cells; whether or not all four 
forms of TIMPs are altered in gliomas remains to be 
determined. Furthermore, because TIMPs can be mito- 
genic", the potential effects of MMPs (or TIMPs) on 
glioma proliferation might be important. Finally, 
excessive MMP activity might also increase the 



angiogenic capacity of those tumors that are highly 
vascularized. 

Other non-MMP proteinases might be important in 
glioma biology (reviewed in Ref. 44). The concen- 
tration of uPA correlates with the grade of malignant 
gliomas, as do the elevated concentrations of cysteine 
proteases such as cathepsin B. Whether these pro- 
teinases have direct or indirect actions on prolifer- 
ation, invasion or angiogenesis is unclear, because they 
can work upstream in a cascade that converts MMP 
zymogens to active proteases (Fig, 2). 

The expression of MMPs is upregulated in many 
malignant gliomas, and this could contribute to the 
highly invasive phenotype of glioma cells. Inhibitors 
of MMPs might have efficacy in patients with malig- 
nant gliomas, and are currently being tested in several 
clinical trials. Whether. these will be effective alone or 
require combination therapy with cytotoxic drugs or 
radiotherapy remains to be determined. 

MMPs in other neurological diseases 

MMPs can cause an increase in capillary perme- 
ability, and have been shown to produce brain edema 
that is secondary to ischemic and hemorrhagic 
brain-injury. In rats, treatment with an MMP inhibitor 
reduced bram edema following intracerebral hemor- 
rhage*^ suggesting that interference in some of the 
functions of MMPs might improve recovery from 
stroke. MMPs could also contribute to the pathogen- 
esis of amyotrophic lateral sclerosis*^ although this 
needs to be established. It is likely that the number of 
neurological diseases in which MMPs are important 
will increase dramatically. . 

Is there a role for MMPs in facilitating CNS 
recovery? 

In addition to the diseases discussed, MMPs are 
upregulated following other types of insult to the nerv- 
ous system, such as penetrating injury or peripheral 
nerve transections*^ The up-regulation of MMPs fol- 
lowing almost all CNS injury raises the possibility that 
some MMPs could function to enhance the recovery 
of the CNS. What might some of these functions be? 
It is likely that following an injury that leads to cell 
death, some degradation of the ECM must occur in 
order for the envirormient to be remodeled, and MMPs 
could fulfil this role. Although the adult CNS does not 
contain a well-defined parenchymal ECM, an ECM 
barrier does exist in the basement membrane that sur- 
rounds cerebral blood vessels, and a diffuse and amor- 
phous mixture of ECM molecules can be found 
throughout the CNS (Ref. 48). New blood vessels are 
, likely to be required to facilitate recovery from various 
CNS insults, and MMPs might play a role in angio- 
genesis. When mononuclear phagocytes are recruited 
to the lesion, these might utilize MMPs to facilitate 
their migration or to engulf debris, or both. With 
respect to cell migration, neural-cell precursors might 
require>MMPs in order to migrate to the lesioned area 
and replenish lost cells; a precursor cell for oligo- 
dendrocytes has been demonstrated to require MMPs 
for motility*'. New axonal growth and synaptic recon- 
nections need to be established and their extension 
through the brain matrix might require MMPs; 
indeed, stromelysin-1 has been found to mediate the 
motility of growth cones through basal laminae***. It 
has been found that oligodendrocytes utilize MMP-9 
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Box I . Potential consequences of 
matrix metalioproteinase (MMP) 
expression in the mature nervous 
system 



Undesirable effects 

• Breakdown of the blood-brain barrier 

• Demyelination 

• Cytokine production and propagation of an 
inflammatory response 

• Deposition of amyloid proteins 

• Tumor invasion, metastasis and angiogenesis 

• Inappropriate degradation of extracellular matrix 
leading to alteration of structural integrity 

BeneficiaJ actions 

• Clearance of debris following injury 

• Remodeling of ECM f6r cell migration and axonal 
elongation 

• Release of growth factors anchored on the ECM 

• Breakdown of amyloid proteins 

• Angiogenesis 

• Process formation by oligodendrocytes 



to extend their processes**, which is a prerequisite for 
developmental myelin formation and remyelination. 
The upregulation of MMPs in the MS brain or in other 
CNS pathologies, might not always be harmful, and 
thus it is important to be able to discriminate between 
the beneficial and deleterious effects of MMPs. Lastly, 
the remodeling of the ECM might release several 
neurotrophic factors, such as basic fibroblast growth 
factor, that are anchored on the ECM. Thus, there are 
several mechanisms by which the production of MMPs, 
following insults to the nervous system, might be ben- 
eficial. These possibilities, and the role of MMPs in the 
disease described earlier, are summarized in Box 1. 

Conclusions 

The presence of MMPs in the CNS is well docu- 
mented. Their functions during neural development 
and in neurological diseases are beginning to be eluci- 
dated, and it is evident that MMPs have significant 
effects on the brain micro-environment. The issue of 
MMPs as causative factors in disease is an active area 
of investigation, but their possible role as facilitators 
of CNS recovery needs greater, consideration. Because 
the activation of MMP cascades is primarily conducted 
at the cell surface, proteolysis is likely to be focally 
restricted to the pericellular environment. This means 
that although the MMPs have overlapping substrate 
preferences, the nature of the particular MMPs pres- 
ent, and the identity and localization of the cells that 
are expressing MMPs, might critically determine 
whether disease or recovery is favored. For example, it 
is conceivable that matrilysin produced by invading 
macrophages contributes to debris clearance or 
demyelination in MS, whereas MMP-9 that has been 
elaborated by oligodendrocytes represents an attempt 
by these cells to regenerate their processes and 
remyelinate neurons. The potential use of MMP 
inhibitors to treat CNS diseases is an exciting prospect, 
but it is important to balance the risk with the benefits 
of this treatment. The MMP-deficient mice that are 



being generated in several labs will be extremely valu- 
able in determining the precise roles of individual 
MMPs in CNS disease and repair. 
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CORRIGENDUM 

In the Review article entlded ^Reactive astrocytes: 
cellular and molecular cues to biological function*, 
by J.L RIdet, S.K. Malhotra. A. Privat and F.H. Gage, 
which was published in the December 1 997 Issue of 
TINS, an element in Fig IB was wrongly labelled, 
ir should be *LI*. 

We apologize to the authors and readers. 
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Possible Involvement of a Tumor Necrosis Factor (TNF>Uke Mediator as an Endogenous Pyrogen in 
Fever Induction by Nocardia rubra Cell Wall Skeleton C^-CWS) 

Kaname Ohara, Yuri Hirano, Hisao Ishida, Jo Mori, and Akira Tensho* 

Toxicoiogy Research Laboratories. Fitjisawa Pharmaceutical Co,. Ltd,. 2-1-^, Kashlma. Yodogowa-ku. Osaka 532. Japan. Received March I. 1989 

Tumor necrosis factor (TNF), a cytokine produced in macrophages, also acts as an endogenous pyrogen (£P). To 
investigate whether TNF has a role in the fever induced by Nocardia rubra ceU wall skeleton (N-CWS), the relationship 
between fever and TNF production was studied in guinea pigs. 

N-CWS injected i.v. to guinea pigs caused bipfaasic fever and had L-929 cell-killing activity which resembled that of 
TNF in the sera 30min before the first phase of fever appeared, /if vitro^ 1^929 cell-killing activity was demonstrated in 
the culture supernatant of guinea pig peritoneal macrophages pretreated with N-CWS, and the activity Increased 
dependently on N-CWS concentration or culture duration. When the supernatant of the macrophages was fractionated 
by gel filtration and each fraction was assayed for fever-induchig and L-929 cell-killing activities the fraction with the 
cell-killing activity also induced fever with characteristics similar to that by Lv. ejection of N-CWS ui guhiea pigs. 

These results suggest that TNF acts as an EP on the fever faidcced by N-CWS fn guinea pigs. 

Keywords N-CWS {Nocardia rubra cell wail skeleton); fever: TNF (tumor necrosis factor): endogenous pyrogen 



N-CWS is the cell wall skeleton prepared from a gram- 
positive bacterium, Nocardia rubra. This substance has a 
potent anti-tumor activity in several experimental animal 
models* -^^ and in humans.^"** Fever was a side effect of N- 
CWS in clinical trials, and also in such experimental 
animals as rabbits and rats. 

In this connection, it has been shown that endogenous 
pyrogen (EP) produced in phagocytes stimulated with 
microorganisms induces fever by enhancing the production 
of prostaglandins (PGs) in the hypothalamus or adjacent 
regions.'"^* It has also been reported that EP has many 
other biological activities,**^" and that their profiles are 
similar to those of interleukin-1 (lL-1). Because of this, EP 
is accepted to be IL-1. Recently, Dinarello el al}'^^ reported 
that tumor necrosis factor (TNF) had EP activity in an 
experiment in which fever was induced by i.v. injection of 
recombinant human TNF (r-TNFa) in rabbits. Fur- 
thermore, they used r-TNFa to induce lL-1 production 
in vitro in human monocytes, and accordingly, concluded 
that two EPs were involved in the fever induced by TNF; 
one, TNF itself, and the other IH produced by TNF. This 
indicates the importance of TNF as an EP in the fever 
producing process. 

In our previous study, i.v. N-CWS caused biphasic fever 
in rats, rabbits, and guinea pigs, and the fever resembled 
that induced by r-TNF in rabbits in the study by Dinarello 
et at. 

The present study was performed to investigate whether 
TNF acted as an EP in the fever induced by N-CWS. 

Experimental 

Animals Sic .'Hartley male guinea pigs weighing 350— 700 g were 
purchased from Shizuoka Agricultural Cooperative Association. The 
animals were housed under room temperature of 20±5X; relative 
humidity, 60± 5%; and lighting controlled to give 12 h of light and 12 h of 
darkness. 

Chemicals Cell wall skeleton of Nocardia rubra (N-CWS) was pre- 
pared*^' by Fujisawa Pharmaceutical Co., Ltd. and suspended in phy* 
siological saline. Lipopolysaccharide (LPS) contamination in N-CWS was 
assayed by using the Limulus amebocyte lysate assay and was found to be 
negligible, />. 0.36 ng per mg of N-CWS. Human y-globulin (h-y-G: 
Sigma), bovine serum albumin (BSA: Sigma) and cytochrome c (cyt-c: 
Sigma) were used as molecular mass markers. Hank*s balanced salt 
solution (HBSS: Nissui Pharmaceutical) was used as the culture medium. 



Measurement of Rectal Temperature Guinea pigs were lightly re- 
strained by hand, and a thermister-probc (TF-DN type: Tcrmo Co., Ltd.) 
was inserted about 50 mm into the rectum. The rectal temperature was 
measured for 1 min at intervals of 30min. 

Blood Sampling Blood was taken by heart puncture 0.5, 0.75. 1 .0, 1 .5. 
2.0, 2.5 or 3.0 h after an i.v. injection of N-CWS into guinea pigs, and sera 
was separated by centrifugation for assay of L-929 cell-killing activity. 

Isoiatioo and Culture of Macrophages Guinea pig macrophages were 
isolated by a modiiicatioo of the method of Ohishi et al}"*^ Liquid paraffin 
was injected i.p. into guinea pigs to release celts into the peritoneal fluid, 
and 3 or 4d later, the cells were collected, suspended in HBSS without 
serum, and incubated at 37 C in a humidified atmosphere under a stream 
of 5% COj for 2 h. The adherent cells (macrophages) were separated from 
the nonadherent ones by washings and 5 x 10^ celts/ml of macrophages 
were pretreated with N-CWS at 37 ''C in a humidified atmosphere under a 
stream of 5% COj. One hour later, N-CWS was removed by decanting the 
incubation medium, and the macrophages were washed with physiological 
saline, suspended again in HBSS without serum and cultured for 0.5, 1, 3, 
4 or 24 h under the same conditions. The supernatant was separated by 
centrifugation at lOOOrpm for 10 min to assay L-9"9 ^U-kitling activity 
and fever-producing ability. 

Gel FiltratioD Macrophages were pretreated with 1 00 /ig/ml of N -C WS 
for I h and cultured in HBSS without serum for 24 h after removing the N- 
CWS. The supernatant obtained was concentrated 6-fotd by using a 
membrane filter (Amicon model 8200, VM5) and 2 ml of the solution was 
applied to a Sephadex G*200 column (i.d. 1.5 x 82cm): 2 ml fractions were 
ppUected by eluting with HBSS without serum and BSA at the rate of 
4ffll/b at 4''C. AbsorbBnce at 280 nm was spectrophotomeincally mea« 
sured for each fraction and S serial fractions were pooled for assay of L- 
929 cell-killing activity and fever-producing ability. 

Assay of CelMIUUiog Activity Killing of the L-929 cell tine was 
used to measure the TNF-like activity of soluble factors essentially 
according to the method described by Fisch and Gifford.^^* Serial 1 : 2 
dilutions of the guinea pig sera samples, cultured supernatant of the 
macrophages or g^l filtration fractions were placed in 96-well microtiter 
plates. Then 5 x 10* cells of L-929 were added to the microtiter plates in 
the presence of 2/4g/ml of actinomycin D and 10% of fetal bovine serum 
(FBS). The cells were incubated at 37 "C in a humidified atmosphere under 
a stream of 5% CO2 for 18 h, and the medium was removed. The cells were 
stained with 0.5% crystal violet for 10 min and dried, and absorbance at 
540 nm was measured. The cell-killing activity (unit) in the test samples 
was expressed as the reciprocal of the dilution which exhibited 50% 
cytotoxicity to the L-929 cells. 

Results 

In our previous studies,^' ^ N-CWS caused Fever in guinea 
pigs at i.v. doses of 100/ig/kg or more. To examine the 
relationship between the fever and TNF production, we 
used N-CWS at doses of I to lOOO/ig/kg in this study. 
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Pattern of Fever N-CWS induced fever at doses of more 
than 100/ig/kg. The fever appeared within 1— l.5h and 
lasted about 4h with peaks at 1.5 and 3— 4h (Fig. 1). 

Fever and TNF-Hkc Activity in the Sera N-CWS (1000 
Mg/kg i.v.) was used in the experiment on TNF-like activ- 
ity. Cytotoxic activity in the sera increased from I h after 
injection of N-CWS, peaked at 1.5 h, and returned to nor- 
mal at 3h (Fig. 2). On the other hand, fever appeared at 
1.5 h and did not subside during the observation time. The 
fact that cytotoxic activity preceded the onset of fever 
suggests that a TNF-Iike mediator plays an important role 
as an EP in the first phase of fever induced by N-CWS, 
but not in the second phase or that from 2h after the injec- 
tion of N-CWS. Other factors such as IL-l may partici- 
pate in the latter phase of the fever. 

Figure 3 shows the cytotoxic activity in the sera 1.5 h 
after an i.v. injection of 1— 1000/ig/kg of N-CWS. Cyto- 
toxic activity could be detected in the sera of the ani- 
mals given 100 and 1000/ig/kg of N-CWS. 

Production of TNF-Iike Cytokine in Guinea Pig Perito- 



Vol. 37, No. 10 

neal Macrophages Treated with N-CWS Since TNF is 
produced in macrophages,*'^ we examined whether N-CWS 
would produce TNF in guinea pig peritoneal macrophages. 
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Time (h) 

Fig. I. Fever Pattern Induced in Guinea Pigs by N-CWS 

A dose of 10 (O-O), 100 (□-□) or 1000 (A-A) PB/kg of N-CWS, or 
physiological saline was injecicd i.v. The arrow shows the ""Jf «>[;"J^»°"- 

Values are expressed as nwan±S.E. The numbers in parentheses are »hc number of 
guinea pigs used. Significantly diflferent from the saline group, a)p<0.0\. 
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Fig. 3. Correlation between Serum TNF-likc Activity and N-CWS Dose 
TNF artiviiy was measured t.5h after i.v. injection of N-CWS. Values are 
Jm mean ±S.E. The numbers in parentheses are the numbers of guinea pigs 
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Fig. 4. TNF-Iike Activity in the Culture Supernatant of Guinea Pig 
Peritoneal Macrophages Prctrcated with N-CWS 

TNF-Ukc activiiy was expressed as cytotoxicity of the culture supemaunt to L-929 
cells. Values arc expressed as mean±S.E. Significantly different from the sample 
without N-CWS. fl) /»<0.05, *)P<0.01. 
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Fig. 2, Fever and Serum TNF-likc AcUvity after i.v. Injection of N- 
C WS ( 1 000 ^g/kg) in Guinea Pigs 

The arrow shows the lime of injecUon. Values are expressed as meaii±S.E. The 
numbers in parentheses aie the numbers of guinea pigs used. 
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Fig. 5. TNF-likc Activiiy in the Supernatant of Macrophages Cultured 
for a Short Time 

Macrophages (5x l(f ce!b/ml) were P«treaied with lOO^g/ml of N-<;WS and 
cultured in HBSS without serum for 0.5-4.0 h after removmg N-CWS. TNF-hkc 
acuvity was expressed as cytotoxicity of the culture supematam to L-929 cells. Values 
are expressed u inean±S.E. TNF acUvity was not detected in the samples without 
N-CWS. 
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Macrophages were treated with N-CWS and cultured for 4 
or 24 h. Cytotoxic activity was detected in all the super- 
natants of the macrophages treated with 1 /ig/ml or higher 
concentrations of N-CWS, and the activity was greater as 
the concentration was increased. Futhermore, the cytotoxic 
activity in the supematants of the 24-h cultures was more 
than twice as strong as that of the 4-h cultures of mac- 
rophages treated with 10 or lOOMg/ml of N-CWS. This 
suggests that cytotoxic activity also depends on culture 
duration (Fig. 4). 

We propose that a TNF-like cytokine is produced in the 
macrophages immediately after treatment with N-CWS, 
because cytotoxic activity was detected in the supernatant 
of the macrophages as soon as 30min after the start of 
incubation (Fig. 5). 

Gel Filtration Pattern of the Cultured Supernatant In 
this study, 100 ;ig/ml of N-CWS was used. When absorbance 
at 280 nm was measured for each fraction, 3 peaks of 
optical density (OD) were obtained, at fractions 27, 47 and 
67. Cytotoxic activity was detected in fractions 41 to 55, 
and the greatest activity was in the pooled fractions 46 to 
55. The molecular weight of materials in these pooled 
fractions was 32000—85000 as determined by gel filtration 
using molecular mass markers such as h-y-G (Mol. wt. 
160000), BSA (Mol. wt. 67000) and cyt-c (Mol.wt. 13000) 
(Fig. 6). 




Fraction No. 



Fig. 6. Gel Fittration Pauern of the Culture Supernatant 

The culture supernatant was applied to a Sephadex G>200 column (i.d. 
l.Sx82cm), and 2ml fractions were collected by elution with HBSS. TNF-like 
activity and febrile response were measured for 5 pooled fractions. Febrile response 
was expressed as mean value of 3 guinea pigs 3h after i.v. injection of 0.5 ml of the 
pooied fractions. 
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Fig. 7. Fever Response by Gel-Filtered Fractions 

A dose of 0.1 (O— O). 0.5 (A— A) or 1.0 (D— □) ml of pooled fractions 
(fraction 46 to 50) was ii^jected i.v. into guinea pigs. The arrow shows the time of 
iivection. The numbers in parentheses are the numbers of guinea pigs used. 



When 0.1, 0.5 or 1.0 ml of the pooled fractions 46 to 50 
was.injected i.v. into guinea pigs, biphasic fever with peaks 
at 1 and 2.5— 3.0 h was observed in all the animals (Fig. 7). 
The pattern of the fever was similar to that induced by an 
injection of N-CWS, but its onset was 30 min earlier. In this 
case, the response was bell-shaped and the highest tempera- 
ture was caused by 0.5 ml of the pooled fraction. In Fig. 6, 
febrile response 3h after injection of 0.5 ml of each of the 
serially pooled fractions is shown. Clear fever of more than 

0. 5 ""C was induced by fractions 41 to 60, and the highest 
fever was caused by the pooled fractions 51 to 55, in which 
cytotoxic activity was also greatest. 

These results suggest that the fever induced by N-CWS 
is associated with TNF-like activity produced in the 
macrophages. 

Discussion 

For the reasons described below, it was suggested that 
TNF acted as an EP in the fever induced by N-CWS in 
guinea pigs. I ) TNF-like activity was detected in the sera 1 h 
after an injection of N-CWS and 30 min later, fever ap* 
peared. 2) When the guinea pig peritoneal macrophages 
were pretreated with N-CWS» increase of TNF-like activity 
in the culture supernatant depended on N-CWS con- 
centration and culture duration. 3) The fraction with high 
TNF-like activity coincided with that with great fever- 
inducing ability, as determined by gel filtration. 

Fever appeared within 1 .5 h and lasted 5 — 6 h after an i.v. 
injection of N-CWS, whereas TNF-like activity appeared 
from around I h. peaked at l.5h, and then decreased. 
Dinarello et al^^ reported that fever induced by an i.v. 
injection of r-TNFa occurred early and the febrile pattern 
was biphasic with peaks at 1 and 3 — 4 h in rabbits. They 
considered that TNF acted as an EP in the first phase of 
fever, but that in the second phase of fever, EPs other than 
TNF were involved, because more than 95% of r-TNFa 
injected in rabbits was cleared from the l *ood within 3 h.^^* 
They suggested that the second phase was mediated by IL- 

1, because r-TNFot induced IL-1 in their experiment.*"'^ In 
our present study, the pattern of fever induced by N-CWS 
was similar to that induced by r-TNFa. Therefore, we 
propose that the first phase of fever was mediated by TNF 
produced by N-CWS. and that the EP on the second phase 
of fever would be IL-1, as suggested by Dinarello et aL, 
because the TNF induced by N-CWS disappeared quickly 
and was not detected in the second phase of^ fever in spite of 
this being higher. When macrophages were pretreated with 
N-CWS in vitro, the increase of TNF-like activity depended 
upon culture duration, and this pattern was quite diflferent 
from that in vivo, in which TNF-like activity peaked 1 h af- 
ter an injection of N-CWS and then quickly disappeared. 
We suggest that the cause of this difference lies in the clear- 
ance of TNF in vivo. When the supernatant of the cultur- 
ed macrophages was gel-filtered, the fraction with TNF- 
like activity coincided with that with fever-inducing ability, 
and the patterns of the fever induced by the pooled frac- 
tions with TNF-like activity were similar to that of the 
fever induced by an injection of N-CWS. This may indi- 
cate mediation of the fever by TNF. The molecular weight 
of the pooled fractions with high TNF-like activity wa.s 
determined to range from 32000—85000 by gel-filtration 
using molecular mass markers. Zacharchuk et al,^^^ report- 
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ed that the molecular weight of TNF from the sera, after 
challenge with an injection of LPS 14 d after the injection 
of Bacillus Calmctle-Guerin into guinea pigs, was about 
45000 as determined by high performance liquid chro- 
matography (HPLC), and our data coincide well with this 

finding. ^twc 

The results of the present experiments suggest that l 
acts as an EP in the fever induced by N-CWS. but the 
possibility that the first phase of the fever is mediated by 
other factors such as IL-1 cannot be excluded. 
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TUMOR NECROSIS FACTOR (CACHECTIN) IS AN 
ENDOGENOUS PYROGEN AND INDUCES PRODUCTION OF 

INTERLEUKIN I 

By CHARLES A. DINARELLO,* JOSEPH G. CANNON,* 
SHELDON M. WOLFF.* HARRY A. BERNHEJM * BRUCE BEUTLER,* 
ANTHONY CERAMI," IRENE S. FICARL" MICHAEL A. PALLADINO. Jr..» 
AND JOHN V. O CONNOR' 

From Uie ^Department of Medicine, Ttifts University School of Medicine and New England 
Medical Center, Boston, Massachusetts 021 1 1; the * Department of Biology, Tufu University, 
Medford, MassachusetU 02152; the ^Laboratory of Medical Biochemistry, Rockefeller 
University, New York 10021; and the Departments of * Pharmacological Science and ^Medicinal 
Analytical Chemistry, CenenUch, inc.. South San Frandsco, California 94080 

From the initial observations of Menkin and the pivotal experiments of Beeson, 
Wood and Atkins (1), the postulated mechanism for fever in a variety of diseases 
was based on the ability of various substances, usually of microbial origin, to 
stimulate phagocytes to synthesize and release a heat-labile protein called endog- 
'"thoits pyrogen (EP).' It was later shown that EP initiated fever by increasing 
prostaglandin PGE? synthesis in or near the anterior hypothalamus (reviewed in 
2), and that antipyresis was the result of reduced cyclooxygenase activity there 
rather than in the EP-producing cells (3, 4). During the last decade, it became 
increasingly clear that EP, in addition to its ability to induce fever, possessed a 
great number of biological activities (5). Following tedious protein purifications, 
homogeneous EP was shown to stimulate T cells (6-9), increased hepatic acute- 
phase protein synthesis (10), activate neutrophils (11), stimulate prostaglandin 
production in vitro (12). and in general, mediate many components of the 
generalized acute-phase response (5). Because of its multiple biological activities, 
and particularly its ability to activate lymphocytes, renaming EP interleukin 1 
has become accepted (13). 

Attributing many diverse biological properties to a single molecule created a 
dilemma for investigators. Despite convincing evidence of the homogeneity of 
various preparations (8, 9, 14. 15), considerable doubt remained that a single 
polypeptide possessed such diverse activities. The controversy has now been 
resolved; two cDNAs coding for IL-l have been cloned, a neutral form (16) and 
an acid form (17). Recombinant IL-ls of both forms have now been used to 
study the multiple biological properties attributed to IL-l. Although the two IL- 
1 forms, representing the two charged species at pi 7 and pi 5 (18), share little 

This work was supported by gr^nt A I 15614 from the National Institutes of Health. Bethesda. MD; 
and by Cistron Technology. Inc., Pine Brook. NJ. 

' AbbreviatioTts used in this paper: EP. endogenous pyrogen; LAL, limulus amebocyte tysate; MNC, 
mononuclear cell; TNF. tumor necrosis factor. 
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amino acid homology, each recombinant form can induce the same broad 
spectrum of responses, including fever (19). 

Durii^ the early investigation into the pathogenesis of fever, there was 
speculation that another leukocyte product, interferon, also caused fever From 
the fim chnical trials using partially purified IFNs, fever had become the major 
side effect of IFN therapy (20). Current clinical trials using recombinant fonns 
have confirmed the observations that IFNs, particularly IFN-a. cause fever 
Recently (21. 22) it was shown that IFN-« produces fever not because it is 
contammated with endotoxins or induces IL-l, but rather because IFN-a is 
intnnsically pyrogenic by its direct action on the thermoregulatory center (21, 
22). Thus, from a conceptual point of view, a second molecule exists with 
endogenous pyrogen activity. rIFN-« meets the criteria for being an endogenous 
pyrogen: it produces a brisk, monophasic fever following intravenous injection 
oAc'T'''"" of endotoxins, and increases the production of 

rGE» from brain tissue in vitro and in vivo. 

We now report that another leukocyte product, tumor necrosis factor (TNF- 
cachectin) (23), is also intrinsically pyrogenic. Recombinant human tumor necn> 
SIS factor (rTN Fa) produces a brisk, monophasic fever after intravenous injection 
into rabbits, and the fever is not due to contaminating endotoxin. However 
unlike IF.N'-a. rTNFa also induces IL-l in vivo and in vitro. These results, alone 
with those observed with IFN-a and IL-l. support an expanded hypothesis for 
the pathogenesis of fever involving several endogenous pyrogens. 

MaceriaU and Methods 

npillJ'mf • "r"*"" 'I'"''''" V' «P'-««^ Escherichia coli and purified to homoge- 
neiiv (24). /.imw/w aincboc>tc lysate (LAL) (Nfallinckrodt, Inc.. St Louis. MO) testing 
emp oved an k coh standard (Mallinckrodt. Inc.) and detected 10 pg/ml (0.1 endoiox"n 
unit), \anous lots of rTN Fa were tested and revealed 200 pg or less of endotoxi^ per 

S^ITl^i'T^^^^^^ ''^^''^ r^"^"'" of ^Sdoto.xin did not interfere 

uitn the LAL assay. Using gas chrotnatography/mass spectrometry (5840A and 5985B 

n?i:^^:-^-' "^^^•'"^-^^'^^-d Co. Palo Alto. CA). /5-MroxymyVistic acid in rxS 
prcjaraiions was not detected above background levels (sterile water u-as <40 pe/mff) 
"Tr^V '° ^TNFa resulted in complete recovery of the 

calculated aniounl of ^hydroxymyrisiic acid (25). The human rlH used in these studies 
was the pi 7 form ( 6). provided by Cistron Technolog>'. Inc. (Pine Brook. NFrfL "^^^ 
expressed m £ and consisted of amino acids 112-269 of the precursi^equen« 

Rethl^! vi^ ""''^ ."'^"^ (Bureau of Biologies, 

Hn^J* iPM quantities of endotoxin did not interfere with the LAL assay. 

Human rlFN-y was produced in E. coli and purified to >9S% purity (26) IFN^r 
concentrations were determined in a cytopathic inhibition assay using A549 cells chal- 
lenged With encephalomyocarditis virus. rlFN-y used in these studies L a sp act of 1-2 

""J^^'^" ^ pn>vlded% Upjohn 
Trypsin Trea^rnent, rTNFa (2 mg) was incubated with TPCK-treated trypsin (Cooper 

Louis MO^ oHH^H?"- "'t^''^" V^n' "I^"*'"^'' S'S™ Chemical Co.. St. 

^e^eaie??;,^^^^^^^^^ '"""'"^ *>-^ ^'^^^ ^n^P--«* ^TNFa 

Pyrogen Testing. New Zealand-derived female rabbits weighing -2.5-3.0 kg (Pine 
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Acres, Burlingtoni VT) were trained in restraining devices for 1 wk before pyrogen 
testing. Core temperature was measured using indwelling rectal thermistors (Yellow 
Springs Instruments, Yellow Springs, OH) and a Kayc Digistrtp Model 11 recorder 
(Bedford, MA). Recul temperatures were measured every minute, as described previously 
(21). The murine fever studies used C3H/HeJ mice, individually caged in an ambient 
temperature of 33-S4®C. Body temperatures were measured with thermosensitive radi- 
otelemetry devices (XM-FH; Minimitter Co., Inc.. Sunriver, OR) implanted subcutanc- 
ously. After 2 h of stabilization, each mouse was injeaed with O.l ml of cither PBS or a 
dilution of rTNF in PBS (six mice per group). Body temperature was measured at 10-min 
intervals before and after injection by determining the frequency emitted by each 
telemeter. The signal was detected with a Minimitter RA- 1 000-TH receiver coupled to a 
digital frequency counter (Heathkit SM 2420« Benton Harbor, MI) and converted to 
temperature using a previously determined calibration index. 

PGEt Production and Measurements, Rabbit hypothalami were removed, minced, and 
incubated for 15 min at 37 °C. After washing to remove PC induced by tissue trauma, 
aliquots were incubated for 60 min with various concentrations of rTNFa or rIL-l in the 
presence of clinical grade polymyxin B (25 Mg/ml) (Pfizer, Groton. CT) as previously 
described (21, 28). The supematants were frozen at -70*C and later assayed for PGE« 
using a specific RIA (Seragen, Boston, MA). 

Human Mononuclear Cell incubations. Blood was obtained from healthy donors, and 
the mononuclear ceils (MNC) were isolated as previously described (29). Methods for 
stimulating endogenous pyrogen activity for rabbit pyrogen testing using 5-ml volumes of 
MEM (Microbiological Associates, Walkersvillc. MD) have been described in detail (29). 
MNCs were also incubated with IFN-7 and rTNFa for 48 h in 1-ml wells with 2.5 x 10" 
cells/ml. For these experiments, MNCs were suspended in MEM (Gibco, Grand Island, 
NY) containing 10% FCS (Hyclone. Logan, UT). Supernatants were diluted and assayed 
for IL-I activity on thymocytes. 

/L-i Murine Thymocyu Assay, Thymocytes from C3H/HeJ mice (The Jackson l^bora- 
tor)'. Bur Harbor, ME) were removed and used to test IL-I activity in the supci^natantsoT 
human MNC using augmentation of ['HJthymidine incorporation in response to subopti- 
lual concentrations (I Mg/ml) of PHA-P (Burroughs Wellcome. Research Triangle, NC) 
as previously described (9. 30). Purified human monocyte IL-1 %\-a5 used as a standard in 
these assays (9). 

Western Blot Analysis. Methods for western blot analysis were used as previously de- 
scribed (37). Blots were developed using goat anti-rabbit IgC followed by '''^l-labeled 
protein A (Amersham Corp., Arlington Heights, IL). 

Cytotoxicity Assay, Cytotoxicity of the murine fibroblast L929 line was used to assay 
rTNFa activity (31). 

Results 

Pyrogenicity of rTNFa. Rabbits were given an intravenous bolus injection of 
freshly thawed rTNFa diluted and mixed with 1 .0 ml of 0. 1 5 M NaCl containing 
250 Mg/nil of polymyxin B. As shown in Fig. 1 A, rTNFa and rlL-1 at a dose of 
1 Mg/kg produce febrile responses characteristic of endogenous pyrogens, with 
monophasic fevers reaching mean peak elevations 48-54 min after the injections. 
The injection of 0.1 Mg/kg of rTNFa did not induce significant fever (<0.3*C), 
whereas 0.1 Mg/kg of rIL-1 induced small but significant fever (>0.3*'C: data 
not shown). The fevers produced by either rTNFa or rIL-I are unlike those 
produced by endotoxin in which the monophasic fever reaches peak elevation at 
-90 min after the injection (1). In addition, the amount of endotoxin that was 
detected in either the rTNFa or rIL-1 was clearly below the minimum pyrogenic 
threshold for endotoxins in rabbits (3-5 ngAg) (1). As shown in Fig. IB, the 
fever induced by rTNFa is blocked by prior treatment with the cyclooxygenase 
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FiGUKE I . (A) Mean fevers of rabbits injected with either rTNF« or rIL«l. The recombinant 
roatcriab were thawed» diluted in polymyxin B and injected tntTavenously. The numbers in 
parentheses indicate the number of rabbits in each group. (A) Dose-response of rTNFa in 
rabbits. rTNFot was treated as indicated in A. Ibuprofen was injected intravenously 10 min 
before rTNFa. 
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inhibitor and antipyreiic. ibuprofen (32). Higher doses of rTNFa (10 Mg/kg) 
induce biphasic fevers with the second fever peak occurring after S.a h As 
shown in Fig: 2. heating rTNFa for. 30 mi.* at lO'C reduced the second fever 
peak without affecting the initial febrile response. However, the pyrogenicty of 
?TNF« was markedly reduced by trypsin treatment. The cytotoxicity assay of 
trypsinized rTNFa revealed that the treatment reduced biological actmty of the 
rTNFa by -80% and that heal treatment reduced activity by 50% (data not 

'^'Akhough the concentrations of endotoxin in the rTNFa (see Materials and 
Methods) were below that which would induce fever in rabbits, we employed the 
endotoxin-resistant C3H/HeJ mouse for additional pyrogen testing. shown in 
Fie 3 rTNFa produces fever in these mice at 1 and 10 Mg/kg- Significant 
elevations of body temperature occurred 40 min after intraperitoneal injections. 

Rabbiu injected daily with endotoxins develop progressive pyrogenic unre- 
sponsiveness (pyrogenic tolerance). In an attempt to induce pyrogemc tolerance 
tbrTNFa. injections of rTNFa (10 Mg/kg) were given to rabbits on four 
consecutive days. In general, no defnonstrable decreases in febrile responses 
were observed. Three representative individual rabbit febrile responses are 
shown in Fig. 4. Rabbit 2 did show decreasing fever with successive injections of 
rTNF. However, this rabbit became ill (diarrhea and lethargy) after the second 
injection and died before the fourth injection. During the course f th«e "udies^ 
56 rabbiu received repeated injections of rTNFa (all intravenous), and 6 rabbiK 
(11%) were found dead in their cages. In contrast, no rabbitt receiving repeated 

'"■'To'd^temii^the rause of the second fever peak, rabbits injected with rTNFa 
were bled during the uprise of their second fever peak, and the hepannized 
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Figure 4. Febrile i^ponses to four daily injections of rTNFa (10 |.g/kg) In three rabbits. 

plasma was pooled and stored for 24 h ai 4*C. This plasma was injecicd into 
fresh rabbits, and as shown in Fig. 5. produced a monophasic fever. The 
pyrogenicity of the circulating plasma was destroyed by heating at 70*C for 30 
mm. The heat lability of the plasma factor is similar to that of rlL-l. as shown 
m Fig. I A. On the other hand. rTNFa. heated in the same water bath as the 
rIL-1. retained its ability to induce the first fever peak (see Fig. 2). The data 
from these experiments support the concept that the second fever peak after 
rTNFa is due to the production of in vivo. 

rTNFa and rlL-l induce Hypothalamic PGEt In Vitro, The rapid rise in body 
temperature that characterizes the febrile response to either rTNFa or rlL-l 
suggesu a direct hypothalamic stimulation, most likely mediated, in part, by an 
mcrease in PCEa synthesis. A single intravenous injection of ibuprofen (10 
«"g/kg) given immediately before rTNFa blocked the febrile response, as pre- 
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FlcuRfi 5. Mean fevers in six mbbtu injected with materials indicated. After 9 h. three 
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to S7'C before administration the next day. This plasma was infused intravenously over 2 
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Figure 6. Mean percent incrruse of PGEj as measured in supemantants of stimulated rabbit 
hypothalamic minces. Unsiimubted cells produce S0--60 pg/mg of tissue. 

viously shown for IL-1 (32). Rabbit hypothalamic minces were incubated with 
rTNFa or rlL-I for 60 min, and the level of PGE2 was assayed in the supernatant 
media. As reported previously (12, 21, 28), one onehundredth of the amount of 
IL-1 necessary to produce 0.6*^C fever in rabbits approximately doubled the 
PGE2 detected in the supernatant of hypothalamic minces after 60 min. As shown 
in Fig. 6, the specific activities of rTNFa and rlL-I were similar in terms of 
PCE2 production in three separate experiments. 

Production of IL-l In Vitro from Human MNC Incubated wiih rTNFa, To 
elucidate the probable mechanism by which intravenous injection of rTNFot in 
rabbits induces the production of a circulating endogenous pyrogen (IL-1 or 
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Figure 7. Mean fevc« in rabbite injected with supematanli derived from human MNC 
ttimubted with rTNF« (50 ng/ml). Supemaunis from the MNC of two human jubjccu were 
pooled: half was heated (70'C for SO min) before injection. Rabbits were injected with 
supemaianu derived from 10* monocyia/kg. The numbers in parentheses indicate the 
number of rabbits used to assay the supematanu. 

TaB!^ I 

Neutralization ofPyrogenic Activity in MSC Supernatants by 
AnML-l 



MNC supematanu* plus: 



Mean temperature peak 



Normal rabbit scrum^ 
Ami-human IL-I* 



0.64 ± 0.08 
0.17 ±0.03 



♦ 24-h MNC supernatants were generated in 25-ml flasks containing 5 x 
lO* MNC/ml (5 ml/na$k) in the presence of 100 ng/ml rTNFa. For 
ihesc cxperimenti. MNC were isolated from two human subjects. Rab- 
bits were injected with the supernatant derived from 1 0* monocyiesAg- 

> Anii-IL-I (15) or normal rabbit serum *^a$ mixed at \% (vol/vol) with 
the MNC supemaianu, incubated overnight at 4'C and centnfuged 
(I0.000g)for 2 min. 

* Number of rabbits used to assay supematanu. 

TNF). human MNC were stimulated in vitro with various concentrations of 
rTNFa. and the supernatant media were assayed for endogenous pyrogen activity 
in rabbits. As shown in Fig. 7. the supernatant medium from human MNC 
incubated for 24 h with rTNFa induced a monophasic fever when injected into 
rabbits. The amount of rTNFa added to the MNC (50 ng/ml) was below the 
rabbit pyrogen threshold (see Fig. IB). After the incubations, the supernatant 
media were tested for TNFa activity using an ELISA, and there was no increased 
TNFa in the supernatant over the amount that was added exogenously (data not 
shown). The pyrogenic activity in these supernatants was destroyed by heating 
at TO'^C for 30 min, suggesting that this was likely due to IL-l and not monocyte- 
derived TNF/cachectin. As shown in Table I, the monophasic fever-inducing 
activity in the stimulated MNC supernatants was IL-l, since it was neutralized 
by anti-human monocyte IL-l. This antibody did not recognize human rTNF 
or naturally-derived cachectin, as determined by western blot analysis (Fig. 8). 
Anti-IL-l had no effect on rTNFa in the cytotoxicity assay (data not shown). 
The dose response of rTNFo induction of lL-1 is shown in Fig. 9. At 
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Figure 8. Western blot analysis of anii-IH . Lanes I- J each contain I Mg purified natural 
cachcctin (37). Lane I was developed with aniicacheciin (1:200); lane 2 with anti-I L- 1 ( 1 : 1 00) 
(15): and tone $ with anii-hunwn rTNFa (1 :200). Lanes 4-6 each contain 10 Mg human rlL- 
1. Lane 4 was developed wih anticacheain; bnc 5 with antt-human IL-1; and bne 6 with 
anii-rTN Fa. 
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Figure 9. Mean peak fever ± SEM in rabbits injected with materiaU indicated under the 
abscissa. All MNC incubations were in the presence of 12.5 Mg/ml polymyxin B. The numbers 
in parentheses indicate the number of rabbits used to assay the pyrogenic activity in the MNC 
- supemacants. 

concentrations of 10-500 ng/ml, rTNF induced IL-l (as measured by peak fever 
in rabbits). The amount of rTNFa that induced IL-1 was optimal between 50 
and 100 ng/ml, whereas concentrations of 500 ng/ml induced less IL-1 (although 
not significantly different from 100 ng/ml. p > 0.05). Heating rTNFa for 30 
min at TCC destroyed its ability to induce IL-1 in vitro; this finding confirms 
the observation that heat-treated rTNFa does not induce a second fever peak in 
rabbits (see Fig. 2). 

As expected, supernaunts of hunwn MNC stimulated with rTNFa contained 
IL-1, as measured by augmentation of T cell proliferation in response to PHA 
(Table II). The IL-1 -inducing property of rTNFa was sensitive to heat and 
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Table H 

ProducUon oflL-l by Human MNC In Vitro 



(*HJTdR incorporation (q>in)* 



Additions to MNC 


Donor I 


Donor 2 


Donor 3 


Donor 4 


None (MNC control) 


6.763 


4,711 


5,096 


4,793 


rTNFo(ng/mI) 








ND 


1 


35.049 


10,212 


13.542 


10 


48.924 


20.118 


8366 


ND 


100 


24,864 


9.425 


7.254 


10.47 1 


I0O;trypsinized 


ND 


ND 


ND 


4.470 


Trypsin only 


ND 


ND 


ND 


6.086 


Endotoxin (10 ng/mt) 


125,864 


33.824 


64,357 


ND 



♦ Mean countt per minute of I^HJTdR incorporation. SD of iriplicaie welU were 5- 
supematams were diluted 1 :20 and 1 :20( 



10% of the mean. MNC supematams \ 
assay. Only 1 :20 data are shown. 



200 in the thymocyte 



irypsinization. However, the amount of IL-1 detected in the T cell assay was less 
than that assayed in endotoxin-stimuJated MNC supemaunts. This may have 
been due to interference of TNFa in the IL-1 assay, although incubating rIL-1 
with rTNFa in the thymocyte assay resulted in only slight inhibition of the IL-1 
activity (data not shown). It is also possible thai rTNFff stimulated the production 
of inhibitory substances from the mononuclear cells. Although detection of these 
lL-1 -inhibiting substances in the rabbit pyrogen assay is unlikely.. several inves- 
tigators (33) have shown that stimulated monocytes release substances that inhibit 
T cell proliferation in this assay. 

Production of IL-l from human MNC by rTNFa was enhanced by coincuba- 
tion with rIFN-7. As depicted in Fig. 10, rIFN-7 (I ng/ml) enhanced IL-1 
production by rTNFa at 0.25 ng/ml. 

rTNFa has no intrinsic proliferation-enhancing activity except at high concen- 
trations (500 ng/ml; p < 0,05) (Fig. 1 1). This activity may reflect the induction 
of IL-I from contaminating murine thymic epithelial cells or macrophages, since 
it was neutralized with anti-mouse IL-l. In situ production of IL-1 during the 
T cell assay has been observed with other substances, such as the polypeptide 
toxin elaborated by certain strains of toxic shock syndrome-associated Staphylo- 
coccus aureus (^At), 



Discussion 

These studies show that rTNFa causes fever because it is intrinsically pyrogenic 
and is capable of increasing hypothalamic PCEj synthesis. Following an intrave- 
nous injection of 1 *ig/kg, rabbits develop monophasic fevers that reach peak 
elevations after 45-55 min and then return to baseline levels. The only other 
well-defined substance of leukocyte origin that produces this rapid increase in 
core temperature is IL-1. Because it is a product of stimulated leukocytes. 
TNF/cachectin must now be considered an endogenous pyrogen. In Phase 1 
clinical trials. rTNFa injected into humans is pyrogenic (S. Sherwin and S. Saks, 
unpublished observations). Mice passively immunized with anticachectin antibod- 
ies survive a lethal dose of endotoxin but still develop fever (35), In these mice 
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Additions ^ 
toMNC: 



029 25 250 0 29 23 25 290 
IfH -i TNF-« TNF-.I (ftg/iOl» 

(M/mi) Cn9/ffll) ^ 

IFN-7 CI no/ml) 



FicCRE 10. IL-l produciion by rTNFa and enhancement by rlFN.-y. MNC supematam* 
were incubaied in ihc presence of 10% FCS for 48 h with maicrials tndicaied under ihe 
abscissa and diluted 1:8 in the tliyniocyie assay. 



40-1 



30- 



p< O.OS 




rTNF<f antHTious* 

HLrl 



500 



5 

rTNF li 



05 

a /ml I 



0.0S 



as 

rlt-tlno/mll 



Figure II. Comparison of rTNFa and rlL-l on thymocyte prohferation to PHA. Anli- 
wouse IL-l (1:2,000 dilution, vol/vol) was added to some wells with the rTNFo. Anu-mou$c 
IL-l was raised in goats to IL-I purified from P388D cell line (kind gift of Dr. Moms Sheeu. 
EU Lilly and Co.. Indianapolis^ IN). With these thymocytes, concentrations of rTNFa at 500 
ng/ml induced sigitifioint IL-l-Hke activity {p < 0.05. Studeni*$ l-tesi.). 
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it is likely that both cachecttn and IH are produced, but IL-1 is not neutralized 
by the anticachectin antibody. Thus, it is IL-l that probably mediates the fever 
in these passively immunized mice. It appears that rTNFa and rIL-1 have 
approximately the same specific activities in terms of their ability to induce rapid- 
onset fevers after intravenous injection in mice and rabbits. At present, there 
are no studies of rIL-l injected into human subjects, and the sensitivity of 
humans to IL-l remains to be studied. Although there is another endogenous 
pyrogen, IFN-a (21. 22), the amount of IFN-a required to produce fever in 
rabbits or mice is 100-fold greater than rIL-1 or rTNFa. However, IFNs have 
known species specificities which may explain this dose-relationship in nonhuman 
species. 

From clinical and laboratory dau, three leukocyte products can now be 
identified as being endogenous pyrogens, IL-1 , IFN-a and TNF/cachectin. What 
remains to be established is whether any or one or all three of these substances 
mediates the febrile response to a particular disease. In patients with infectious 
diseases in which endotoxin plays a pathogenic role, it is likely that all are 
produced. Extensive laboratory evidence has established that endotoxin stimu- 
lates TNF/cachectin production (36, 37), IL-I (13), and IFN production (38, 
39). However, it may be that in some viral diseases, i.e.. cytomegalic disease and 
hepatitis B, IFN predominates as the primary endogenous pyrogen, since many 
components of the acute-phase response are not induced by IFN and are 
frequently absent in various viral diseases. Likewise, TNF/cachectin may be the 
mediator of fever in certain parasitic diseases. Considerable clinical and labora- 
tory investigation remain before" the role of each or combMStions of these 
endogenous pyrogens can be established in a corhprehensive explanation for the 
pathogenesis of fever. 

The recently reported amino acid sequences of human TNF-a (24), cachectin 
(23) and IL-1 (16, 40) indicate no obvious sequence homologies. Two forms of 
I L- 1 have been identified (16,1 7), which correspond to the two isoelectric poinu, 
pi 7 and 3. These two forms were originally described as endogenous pyrogens 
in 1974 (18), but their physical relationship at that time was not clear. At the 
amino acid level, these two forms share little homology; however, at the carboxyl 
end of each form, 38% absolute and 78% conserved sequence homology exist 
(41), and it seems likely that the active site for the biological properties which 
the two IL-1 forms share resides in these sequences. Nevertheless, when the 
shared carboxyl segments are matched with TNFa or lymphotoxin (TNF/?), no 
striking sequence homology can be observed. Despite their independent struc- 
ture, TNF/cachectin and IL-l both produce fever, stimulate neutrophils (11, 
42), induce synovial cell collagenase production (43), decrease lipoprotein lipase 
(37, 44), and arc cytotoxic for tumor cells (45, 46). 

Using rTNFa in these studies, as has been shown (37) using purified natural 
cachectin. TNF/cachectin has no IL-l activity on T cells. This may explain the 
findings of Damais et al. (47), who reported that muramyl dipeptide polyala- 
nine/lysine stimulated macrophages to release a pyrogenic substance that is not 
active on lymphocytes. Induction of TNF/cachectin would explain the activity 
responsible for the fever-producing property of these supematants. 

At higher doses, rTNFa induces a biphasic fever. Using passive transfer of 
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plasma taken during the rise of the second fever peak, a circulating substance 
produced a monophasic fever when injected into new rabbits. This circulating 
pyrogenic substance is probably not residual rTNFa, since the pharmacokinetics 
of rTNF and natural cachectin indicate that >95% of the injected material is 
cleared from the circulation in 3 h (48). The experiments presented in the 
present study suggest that the second fever peak represents IL-1 induced by 
rTNFa in vivo. To support this observation, rTNFa was shown to induce IL-l 
production from human MNC in vitro. Although the rabbit pyrogen assay was 
used to test the IL-l content of the stimulated MNC supernaunts, it can no 
longer be assumed that brisk monophasic fevers in rabbits is a valid assay for the 
presence of IL-l . As a result of these studies, it is now clear that either rTNFa 
or rIL-1 induce indistinguishable fevers within 60 min of intravenous injection. 
Thus, the endogenous pyrogen assay in rabbits requires conditions for specificity. 
At present, these seem to be (a) the ability of healing at 70'C for 30 min to 
destroy the fever-inducing property of IL-1 but not rTNFa, and {b) the use of 
an anti-human IL-l, which neutralizes IL-l's pyrogenic property but does not 
recognize TNF/cachectin. Using these two conditions, it seems clear that the 
pyrogenic moiety in rTN Fa-stimulated MNC supernatants is indeed IL-l and 
not more TNF. The use of the T cell assay was also important in demonstrating 
that rTNFa induces IL-l. since TNF/cachectin is not active on T cells. 

The biphasic fever curve seen after administration of rTNFa suggests that 
rTNFa has two separate efTecis: the induction of PGE2 and the induction of IL- 
l. The initial fever peak (PGEa-mediated) has a much lower threshold (<l /ig/ 
•kg) than the-secondary fever peak (IL-l -mediated) in which the dose of rTNFa 
must be between 5 and 10 A^g/kg in order to evoke the delayed fever (Fig. 15). 
In addition, the primary response is not abolished by prior heating of rTNFa at 
lO^C for SO min, whereas the secondary response is completely eliminated by 
this treatment. However, based on the cytotoxicity assay, the heat-treated rTNFa 
still retains 20% of its original activity. The loss of the secondary fever response 
probably reflects this decrease in potency. Currently, we have no evidence for 
the presence of two distinct receptors mediating these two effects for rTNFa, 
but is seems unlikely that a single receptor would have two different thresholds, 
each mediating a separate response such as the production of FGE2 and lL-1 . 

Previous work (49) has shown that colony-stimulating factors induce IL-1 
production. In addition, there are partially characterized lymphokines, secreted 
in response to mitogen or antigen, which induce monocytes to produce IL-1 
(50-52). The present studies raise the question of whether one of these lympho- 
kines is lymphotoxin (TNFft, since this molecule is closely related to 
TNF/cachectin (24). 

These studies shed light on the long-unexplained Hnding (53-55) that during 
the second fever peak in rabbits given intravenous injections of influenza virus, 
the plasma contained a substance which, when injected into new rabbits, induced 
another biphasic fever. It had been established that the pyrogenic moiety circu- 
lating during the second fever peak was not due to remaining virus but rather 
to a host product. It was also shown that fever-inducing factor(s) circulating 
during the plasma-induced second fever peak contained characteristic endoge- 
nous pyrogen (54), and it now seems certain that this pyrogen was IL-I . However, 



FILE No. 134 08/01 '01 09:26 IDrDUPONT HftSKEL LIBRARY 302 366 5732 



PAGE 15 



1446 FEVER, TUMOR NECROSIS FACTOR. AND INTERLEUKIN I 

using large amounts of purified rabbit IL-1, only monophasic fevers have been 
observed (P. Murphy, personal communication). Thus, the concept that IL-l 
induces more IL-l in vivo has been difficult to substantiate even using in vitro 
production methods (55). Considering the dato of the present report, it seems 
possible that the circulating factor detected by passive transfer of plasma from 
febrile rabbiu may have been to due to TNF/cachectin rather than IL-l . 

Summary 

Recombinant human tumor necrosis factor (rTNFa) injected intravenously 
into rabbits produces a rapid-onset, monophasic fever indistinguishable from the 
fever produced by rlL-l. On a weight basis (I MgAg) rTNFa and rIL-1 produce 
the same amount of fever and induce comparable levels of PGE2 in rabbit 
hypothalamic cells in vitro; like IL-l , TNF fever is blocked by drugs that inhibit 
cyclooxygenase. At higher doses (10 MgAg) rTNFa produces biphasic fevers. 
The first fever reaches peak elevation 45-55 min after bolus injection and likely 
represents a direct action on the thermoregulatory center. During the second 
fever peak (3 h later), a circulating endogenous pyrogen can be shown present 
using passive transfer of plasma into fresh rabbits. This likely represents the in 
vivo induction of IL-l . In vitro, rTNFa induces the release of IL-l activity from 
human mononuclear cells with maximal production observed at 50-100 ng/ml 
of rTNFa. In addition. rTNFa and rIFN-7 ^^ave a synergistic effect on IL-l 
production. The biological activity of rTNFa could be distinguished from IL-l 
in three ways: {a) the monophasic pyrogenic activity of rlL-1 was destroyed at 
70* C, whereas rTNFa'remained active; {b) anti-IL-1 neutralized IL-l but did 
recognize rTNFa or natural cachectin nor neutralize its cytotoxic effect; and (c ) 
unlike IL-l , rTNFa was not active in the niitogen-sdmulated T cell proliferation 
assay. The possibility that endotoxin was responsible for rTNFa fever and/or 
the induction of lL-1 was ruled-out in several studies: (a) rTNFa produced fever 
in the endotoxin-resistant C3H/HeJ mice; (b) the IL-l-inducing property of 
rTNFa was destroyed either by heat (TCC) or trypsinization, and was unaffected 
bv polymyxin B; {c) pyrogenic tolerance to daily injections of rTNFa did not 
occur; (d) levels of endotoxin, as determined in the limu/uf amebocytc lysate, 
were below the minimum rabbit pyrogen dose; and (e) these levels of endotoxin 
were confirmed by gas chromatography/mass spectrometry analysis for the 
presence of /5-hydroxymyristic acid. Although rTNFa is not active in T cell 
proliferation assays, it may mimic IL-I in a T cell assay, since high concentrations 
of rTNFa induced lL-1 from epithelial or macrophagic cells in the thymocyte 
preparations. These studies show that TNF (cachectin) is another endogenous 
pyrogen which, like IL-l and IFN-a, directly stimulate hypothalamic PGE? 
synthesis. In addition, rTNFa is an endogenous inducer of IL-l. Together, these 
results support the concept that the febrile response to infection is a fundamental 
event in host defense and the induction of fever by endogenously produced 
molecules is not imparted to a single substance. 

We thank R. P. Maxwell. G. LoPreste. Louisette Basa. and Martin Simonetli for excellent 
technical assistance. Special thanks go to Dr. FJisha Atkins for many helpful suggestions. 
We also thank Walter O. Fredericks of Cistron Technology. Inc.. Pine Brook. Nj. for 
generous supplies of human rIL- 1 . 
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MORIMOTO, AKIO. YOSHIYUKI SaKATA, TaTSUO WATAN- 
ABE. AND NaotOSKI Murakami. Characteristics of fever and 
acute-phase response induced in rabbits by ILrl and TNF. Am. 
J. Physiol. 256 (Regulatory Integrative Comp. Physiol. 25): 
R35-R41, 1989.— We investigated the effect of human recom- 
binant interleukin la (hrlL-lo) and human recombinant tumor 
necrosis factor (hrTNF) on body temperature and acute-phase 
responsep including changes In the plasma concentration of 
iion» zinc, and copper and in circulating leukocyte count. The 
intravenous ii\}ection of a smaller dose of either hrlL-Ia (0.5 
Itg/kg) or hrTNF (2 jis/kg) produced a roonophasic fever* 
whereas a larger dose (hrlL-la, 2 ng/kg; hrTNF, 10 MK/kg) 
produced a biphasic fever. The intracerebroventricular injec- 
tion of hrlL-la or hrTNF produced a dose-dependent fever. 
The intravenous injection of either hrlL-la or hrTNF de- 
creased the plasma concentration of iron and zinc and increased 
the plasma copper concentration and the circulating leukocyte 
count. The intracerebroventncular iiyection of hrlL-lor induced 
those responses, although the intracerebroventricular injection 
of hrTNF did not. The present resulU show that two kinds of 
monokines, hrlL-la and hrTNF, are intrinsically pyrogenic 
and induce the acute-phase response. Furthermore, it is sug- 
gested that hrlL-la induces febrile and acute-phase responses 
through its action on both the peripheral target organs and the 
central nervous system. However, hrTNF induces those re- 
sponses only by its action on the peripheral target organs 
outside the blood-brain barrier. 

thermoregulation; pyrogen; monokine; cytokine 



IT HAS BEEN GENERALLY believed that an exogenous 
pyrogen, such as an endotoxin of bacteria, causes fever 
by inducing circulating and reticuloendothelial mono- 
cytes to synthesize and release a small mediator protein 
called endogenous pyrogen (EP) (2). Subsequently EP 
. ^ raises body temperature by acting on the central nervous 
|^,^tem (CNS). Furthermore, increasing evidence has 
S; revealed that EP, in addition to its ability to produce 
^ fever, induces changes in the plasma level of certain trace 
^metals, activation of hepatic protein synthesis, and an 
? increase in circulating leukocyte count that are termed 
collectively the acute-phase response (18, 19, 21). Now, 
^it is generally recognized that fever and acute-phase 
§ response represent a primary host defense response (23, 
t24). 

During the last decade, EP has been so highly purified 
f that its amino acid sequences have been determmed (3), 
and the renaming of EP as interleukin 1 (IL-1) has been 
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commonly accepted (10). Furthermore, since the cDNA 
coding for IL-1 has been cloned (27), recombinant IL-1 
has now been used to study the genesis of fever and 
acute-phase response. However, in recent advances of 
research in immunology, several kinds of cytokines re- 
leased from various kinds of leukocytes and other cells 
have been found to constitute part of the immunoregu- 
latory networks for host defense. These cytokines are 
also small mediator proteins with molecular weight sim- 
ilar to IL-1, ranging from 15,000 to 30,000, despite no 
obvious sequence homologies. Among them, it has been 
recently shown that interferons released from lympho- 
cytes induce fever (13, 30). Moreover, tumor necrosis 
factor (TNF; cachectin), one of the monokines, as well 
as IL-1 (4), has been found to be intrinsically pyrogenic 
(5, 8, 14, 34). Therefore it is considered that naturally 
occurring fever is mediated not only by IL-1 but also by 
several kinds of cytokines. Now we must take into ac- 
count the possibility that febrile response depends on 
the relative contribution of each kind of cytokine under 
different pathological conditions. 

As for the mechanisms of induction of febrile and 
acute-phase responses, we have recently proposed that 
EP induces these responses by its action on both the 
peripheral target organs and the CNS, suggesting that 
there exist two separate mechanisms involved in fever 
and acute-phase response, one inside and one outside the 
blood-brain barrier (28, 29), In our recent studies (28, 
29), we used the partially purified EP obtained from 
rabbit leukocytes that were stimulated by lipopolysac- 
charide of Salmonella typhosa endotoxin (32). However, 
when leukocytes were stimulated by the endotoxin, it is 
possible that both IL-1 and TNF might have been re- 
leased (4, 9, 10). Accordingly, it is still unclear whether 
previous observations of febrile and acute -phase re- 
sponses induced by partially purified EP resulted mainly 
from the action of IL-l or TNF or both. 

In the present study, we have further investigated the 
febrile and acute-phase responses in rabbits after intra- 
venous or intracerebroventricular injections of human 
recombinant IL-1 and human recombinant TNF. The 
present results indicate that both IL-1 and TNF have an 
intrinsic ability to induce fever and acute-phase re- 
sponse. Furthermore, by comparing characteristics of 
responses induced by intravenous and intraventricular 
injections of IL-1 with those induced by similar injections 
of TNF, we suggest that the mechanism by which IL-1 
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induces fever and acute-phase respoxifie is different from 
thatof TNF. 

METHODS 

The animals used in this study were male New Zealand 
White rabbits weighing 3.0-4.0 kg. A total of 21 rabbits 
was used Seven animds had been implanted previously 
with a stainless steel cazinula (1.0 mm OD) located in 
the third ventricle, by standard stereotaxic techniques. 
This implantation was done under general anesthesia 
(pentobarbital sodium, 20 mg/kg iv) at least 2 wk before 
the start of the experiment. ILrl, TNF, or saline was 
injected directly throu^ the cannula into the third ven- 
tricle. 

Himian recombinant IL-la and human recombinant 
TNF were supplied by the Dainippon Pharmaceutical 
and had been produced by recombinant strains of Esch- 
erichia coll. The IL-la and TNF were carefully prepared 
and contained a veiy low dose of endotoxin, as restric- 
tively confirmed by Umulua amoebocyte lysate test 
(O.05 pg/Mg protein). The biological activity of IL-la 
that was assayed by thymocyte costimulation activity 
was 2 X 10' U/mg protein and that of TNF, which was 
based on the cytotoxic activity against L-M cells, was 
3.15 X 10^ U/mg protein. The molecular weight of IL-la 
was 18,000 and that of TNF was 17,000. The isoelectric 
point (pi) of IL-la was 6.3 ± 0.1 and that of TNF was 
5.9 ± 0.3. For injection, the recombinant IL-la and TNF 
were dissolved in sterile saline at a concentration of 100, 
'10, 1, or 0.1 Mg/ml. These solutions were divided into 
several vials and stored at -40X until use. We used each 
vial within 2 days after thawing and avoided repeat 
freezing and thawing. 

On the day of the experiment, animals were nunimally 
restrained in conventional stocks at an ambient temper- 
ature of 21 ± 1*C between 0830 and 1800 h. To avoid the 
effect of stress due to restraint, all bad been well trained 
to adapt to the stocks for 6 h every other day, from at 
least 10 days before the start of experiment Throughout 
the experiment, the rectal temperature was measured 
every minute with a copper-constantan thermocouple. 
All injections of IL-la, TNF, or saline control were 
performed at 1200 h. Intravenous injections were made 
into the marginal ear vein through a sterile needle (25 
gauge). Intraventricular injections were made through a 
stainless steel needle (0,6 mm OD) attached to a polyeth- 
ylene tube, and the volume infused was always 2 /d. 
Injection doses in each experimental group are described 
in the results, including ^propriate control injections. 

For measuring the blood cell counts and the plasma 
concentration of iron, rinc, and copper, '^5 ml of blood 
were withdrawn through the marginal ear vein. Blood 
samples were taken three times: 1 h before and 8 and 24 
h after injections of IL-la, TNF, or saline. Immediately 
after collecting the blood, the numbers of white blood 
cells and red blood cells were measxired with an automatic 
cell counter (Coulter, model S plus II). The remaining 
blood was collected into heparinized polyethylene tubes. 
It was centrifiiged at 2,000 rpm for 15 min at 4*C, and 
the plasma was collected in the polyethylene tube and 
stored at -^20T until the measurement of iron, zinc, and 



copper concentrations. To determine the plasma iron 
concentration, 2 ml of HCl (0.1 M) solution containing 
10% trichloroacetic acid were added to 0.5 ml of the 
plasma to denature the proteins. This solution was mixec 
thorougUy and centrifiiged for 10 min at 3,0(K) xpm. The 
supernatant was saved for testing. To determine the 
plasma copper concentration, 1 ml of HCl (0.8 M) and 1 
ml of 10% trichloroacetic acid were added to 0.5 ml of 
plasma and mixed thorou^y. This mixture was centri- 
fiiged at 3,000 rpm for 10 min, and the supernatant was 
saved for testing. To determine the plasma zinc concen- 
tration, 2.25 ml of a solution of 6% butanol containinf 
HCl (0.1 M) were added to 0.25 ml of sample and mixec 
thoroughly. These mixtures were saved for testing. The 
concentrations of iron, copper, and zinc were measured 
by a polarized Zeeman atomic absorption spectropho- 
tometer (Hitachi, Z-8000). The absorbance values of 
samples were read at the wavelength of 248.3 nm for 
iron, of 324.8 nm for copper, and of 213.8 nm for zinc. 
The concentrations of iron, copper, and zinc were deter- 
mined by comparison of abisorbance values to a standarr 
curve. Because the plasma concentrations of iron, zinc, 
or copper were measured by atomic absorption spectro- 
photometry in the present study, the total iron, zinc, and 
copper concentrations in the plasma were compared be- 
tween control and experimental groups. 

Data were analyzed for statistical significance by Stu- 
dent's t test 

results 

Figure 1 shows the changes in the rectal temperature 
of rabbits after an intravenous injection of human recom- 
binant interleukin la (IL-la) and human recombinant 
tumor necrosis factor (TNF). In Fig. lA, the intravenous 
injection of a smaller dose of IL-la (0.5 Mg/kg) produced 
a monophasic patterned fever and a larger dose (2 fig/ 
kg) produced a biphasic fever. In both cases the rectal 
temperature started to increase '^10 min after the injec- 
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no. 1. Mean changes (±S&) in rectal temperature (ATre) in eame 
group of 7 rabbits after Intravenous (iv) ix^ections of human lecombi- 
nant interleukin lo (IL-1«; A) and human recombinant tumor necroua 
factor (TNF; B). 



FILE No. 134 08/01 '01 09:31 ID:DUPOIMT HASKEL LIBRARY 302 366 5732 



PAGE 22 



INTERLBUKIN X AND TUMOR NECROSIS FACTOR 



R37 



nuxe 



' and 



tian and the time to the first peak was 60-70 min. The 
second peak in the biphasic fever occurred at 160-210 
Similarly, aa shown in Fig, IB, the intravenous 
Ejection of a smaller dose of TNF (2 iig/Vg) induced a 
n nophasic fever and a larger dose (10 $ig/kg) induced a 
biphasic fever. The time to the peak in the monophasic 
fever and the first peak in the biphasic fever was 50-70 
inin, with the second peak in the biphasic fever occurring 

at 4-5 h. . ^TT 

The effect of intracerebroventricular injection of IL- 
la and TNF on the rectal temperature is shown in Fig, 
2 A and B. About 20 min after intracerebroventricular 
infection of IL-la (A) and TNF (B), the rectal tempera- 
i; e gradually started to rise. The fever induced by 
intracerebroventricular injection of IL-la was markedly 
prolonged over 4-5 h. In contrast, the febrile pattern 
induced by intracerebroventricular injection of TNF was 
monophasic with the peak at 90-120 mm. The febrile 
responses induced by either intracerebroventricular in- 
jection of IL4a or TNF were found to be dose dependent. 
The dose-response relationships of the pyrogenic action 
!L-la and TNF in rabbits are shown in Fig, 3, A and 
t. The pyrogenicity per gram weight of IL-la was ap- 
parently greater than that of TNF when injected intra- 
venously (A) or intraccrebroventricularly (B). 

Figures 4-6 stmimarize the changes in the plasma 
levels of iron, zinc, copper, and changes in the circulating 
leukocyte count 1 h before and 8 and 24 h after intrave- 
nous injection of IL-la (Fig. 4), TNF (Fig. 5), and after 
^ tracerebroyentzicular ixuection of EL-la or TNF (Fig. 
o> In each figure, the changes in each parameter repre- 
sent the mean ± SE of the same group of rabbits (n = 
7). In addition, the values at the respective time are 
statistically compared between the control group injected 
with saline and the group injected with IL-la or TNF, 

In Fig. 4, the intravenous ii\jection of either the smaller 
dose of IL-la (0,5 Mg/kg) or the larger dose (2 ^g/^g) 




-i k i i 



2jO- 



I 

i 

i 



•TNF 



1 1 



-iris i 

IV iRlsction doM(HOAo) 




20 200 
ICV lii)Ktten doMtno) 



no, 3. Mean maxinjum rise (±SB) in rectal temperature UTre) in 
7 rabbits after intravenoua (IV) or intracerebroventricular (ICAO^'Vjec- 
tiona of varying doees of human recombinant interleuku la (IL-la) 
and human recombinant tumor necTOBis factor (TNF). 



no. 2. Mean changes (±SE) in rectal temperature ( ATre) in same 
group of 7 rabbits after intracerebnyventricular (icv) injections of 
human recombinant interleukin la (IL-lo; A) and human recombinant 
tumor necrosis factor (TNF; 0). 
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no. 4. Changes in plasma concentration of iron '?5?iS?^ 
copper (Cu) and in ciicuUting white blood cell count (WB(J) X h bj^ 
and S and 24 h after intravenous injections of smaUer or luger dwes 
of human rocombmant interieukin la OL-Ut) or sahae contioL f < 
0.05, P < 0.01, P < 0.001. 
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FIG. 5. ChangeB in plasma concentration of iron (Fe), zinc (Zn). and 
copper (Cu) and in circulating white Wood cell count (WBC) 1 h before 
and 8 and 24 b after intravenous injections of smaller or larger doses 
of human recombinant tumor necrosis factor (TNF) or saline control. 
• P < 0.05, P < 0.01, P < 0.001. 

significantly decreased the plasma concentration of iron 
and zinc and increased the circulating leukocyte count 8 
and 24 h after injection. Moreover the intravenous injec- 
tion of the larger dose of IL-lor increased the plasma 
copper concentration 24 h after injection. 

In Fig. 5, the intravenous injection of the smaller dose 
of TNF (2 ^g/kg) significantly reduced the plasma con- 
centration of iron and zinc 8 h after iigection; however, 
this dose of TNF did not change the plasma concentra- 
tion of copper and the circulating leukocyte count The 
intravenous injection of the larger dose (10 fig/^ig) de- 
creased the plasma concentration of iron and zinc 8 and 
24 h after injection and increased the plasma copper 
concentration and the circulating leukocyte count 24 h 
after injection. 

In Fig, 6, the intracerebroventricular injection of ILr 
la (20 ng) decreased the plasma concentration of iron 
and zinc 8 h after injection, increased the plasma copper 
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• Ih before eh atter 24h after 

FIG, 6. Changes in plasma concentration of iron (Fe), zinc (Zn). and 
copper (Cu) and in circulating white blood cell count (WBC) X h before 
and 8 and 24 h after intracerebroventricular injections of human 
recombinant interleokin la (IL-la), human recombinant tumor necro- 
sis factor (TNF), or saline control, • P < 0.05, 

concentration 24 b after injection, and increased the 
circulating leukocyte count 8 h after injection. However, 
the intracerebroventricular injection of TNF (200 ng) 
did not significantly change any of the parameters. 

Furthermore, neither intravenous nor intracerebro- 
ventricular injection of IL-la or TNF affected the num- 
ber of red blood cells. 

DISCUSSION 

In the present study, the effect of human recombinant 
IL-la (hrlL-la) and human recombinant TNP (hrTNF) 
on body temperature and some of the blood parameters 
related to acute-phase response were investigated by 
using different doses and different routes of administra- 
tion. As for the pathogenesis of fever production, we have 
already shown that small concentrations of partially 
purified EF ix^ected intravenously produce monophasic 
fever but that large concentrations produce biphasic 
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fever (29, 32). We suggested that there ejcist two separate 
mechanisms of fever induction, one inside and one out- 
side the blood-brain barrier (29). The first step in the 
causation of monophasic fever and in the causation of 
the first phase of the bipbasic fever is that EP acts on 
. uctures outside the blood-brain barrier, and subse- 
qaently prostaglandins are synthesized and released, 
which then induce fever. The second step, in which the 
second phase of the biphasic fever is caused, b that EP 
acts on structures within the blood-brain barrier to re- 
lease prostaglandins that cause fever. However, it is still 
unclear but strongly expected to be determined whether 
EP in the circulation actually enters the cerebrospinal 
fluid across the circumventricular organ (6) where the 

..>3d-brain barrier is absent or whether an EP-like 
substance is newly synthesized within the CNS by the 
action of circulating EP on glial cells, astrocytes (16), 
and/or cerebral vascular components (36). The present 
results showed that the intravenous injection of a smaller 
dose of hrlL-la or hrTNF produced monophasic fever 
and that of a larger dose produced biphasic fever. Ac- 
cordingly, it is speculated that hrlL-ltf or hrTNF act on 

-uctures both outside and inside the blood-brain barrier 

induce synthesis and release of prostaglandins and 
that these act on the CNS to induce fever (10, 12, 14). 
This speculation seems likely to explain the mechanism 
of biphasic fever induced by intravenous injection of the 
larger dose of hrlL-la, as an intracerebroventricular. 
injection of hrlL-lor produced fever similar to the second 
phase of the biphasic fever. Indeed, the second peak in 
The biphasic fever induced by intravenous injection of 

(L-la occurred at 160-210 min, whereas the rectal 
temperature reached the maximum level -150-180 min 
after intracerebroventricular ii\jectidn of hrlL-la. How- 
ever, the second phase induced by the intravenous injec- 
tion of the larger dose of hrTNF occurred remarkably 
later than that induced by intracerebroventricular injec- 
tion of hrlL-la, Moreover, intracerebroventricular injec- 
tion of hrTNF induced monophasic fever with the peak 
' 90-120 min. Hence, it is difficult to accept that the 
second phase induced by intravenous iiijection of hrTNF 
is caused by the action of hrTNF on the CNS. In other 
words, hrTNF ii\}ected intravenously does not seem to 
act directly on the CNS, although hrTNF by itself is 
pyrogenic in the CNS. Recently, Dinarello et al. (14) 
have also reported that the intravenous ix^ection of a 
large dose of hrTNF induces a biphasic fever in rabbits, 
"^hey concluded that the second phase induced by hrTNF 
s caused by IL-1 newly produced by TNF, because the 
plasma IL-1 concentration increased during the second 
phase. As will be described later, judgmg from the present 
results obtained from acute-phaee response, their conclu- 
sion is supported 

Furthermore, the pyrogenicity per gram of hrlL-la 
was greater than that of hrTNF when injected intrave- 
nously or intracerebroventricularly. However, according 
:o the result by Dinarello et al. (14), the ability of hrlL- 
1 and hrTNF to produce prostaglandin Ez in incubated 
slice preparations of rabbit hypothalamus was almost the 
same. Therefore it remains to be underetood why the 
pyrogenicity of hrlL-la injected into the third ventricle 



was greater than that of hrTNF. 

The intravenous injection of either smaller or larger 
doses of hrlL-la decreased the plasma concentration of 
iron and zinc and increased the circulating leukocyte 
count 8 and 24 h after injection. Moreover, the larger 
dose increased the plasma copper concentration 24 h 
after injection. In contrast, the intracerebroventricular 
mjection of hrlL-la decreased the plasma concentration 
of iron and zinc 8 h after injection, increased the plasma 
copper concentration 24 h after infection, and increased 
the circulating leukocyte count 8 h after injection. These 
results indicate that, as we recently suggested (28), hrlL- 
1 induces the acute-phase re^nse directiy through its 
action on several peripheral target organs [muscle, bone 
marrow and, many others (19)] as well as indirectly via 
neural output originating from its action on the CNS (7, 
35). Furthermore, we now must take into account a 
previous demonstration that the effect of IL-1 on hepatic 
synthesis of acute-phase proteins is mediated by hepa- 
tocyte-stimulating factor (18), which was recently re- 
named as interleukin 6 (17, 33). Ck>n8idering that the 
intravenous injection of a smaller dose did not affect the 
level of the plasma copper concentration but the intra- 
venous injection of the larger dose and the intracerebro- 
ventricular injection increased it 24 h after injection, it 
seems that the plasma copper concentration is mainly 
controlled by the central action of IL-1. In addition, it is 
apparent that the central effect of IL-1 on the acute- 
phase response is not mediated by aracbidonic acid me- 
tabolites, which are induced by IL-1, because intracere- 
broventricular injection of aracbidonic acid or prosta- 
glandin E2 does not induce the acute-phas^ response 
(31). Based on the results of changes in the plasma 
copper concentration, it is further suggested that the 
monophasic fever induced by a smaller dose of intrave- 
nous IL-1 is caused by prostaglandins, which IL-1 does 
not induce by acting on structures inside the blood-brain 
barrier but by acting on structures outside the blood* 
brain barrier. 

In a comparison of our recent results (28) using par- 
tially purified EP with the present results, remarkable 
differences are noticed in that the intracerebroventricu- 
lar injection of EP decreased the plasma zinc concentra- 
tion 24 h after injection, whereas that of hrIL-1 did so 8 
h after injection. There are two distinct forms of IL-1 
with disparate amino acid sequences (15, 27); IL-la (pl 
5) and IL-lj9 (pl 7), and it has been reported that IL-1/9 
is the predominant type produced by human monocytes 
(11). Therefore it is at present imknown if functional 
differences exist in the action of IL-1 between the two 
types of IL-ls and, moreover, whether structural and 
functional differences exist between human and rabbit 
IL-1. 

The intravenous injection of a smaller dose of hrTNF 
decreased the plasma concentration of iron and zinc 8 h 
after injection. Moreover, a larger dose decreased the 
plasma concentration of iron and zinc 8 and 24 h after 
injection and increased the plasmai copper concentration 
and the circulating leukocyte coimt 24 h after injection. 
However, the intracerebroventricular injection of hrTNF 
affected neither the plasma concentration of iron, zinc. 
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and copper noi the circulating leukocyte count. This 
indkates that hrTNF induces acute-phase response only 
by its action on the peripheral target organs outside the 
blood-brain barrier. Therefore, in light of the fact that 
Dinarello et al. (14) suggested that the second phase of 
the biphasic fever induced by intravenous injection of 
TNF is caused by IL-1 newly produced by TNP, it is 
likely that, in the present results, changes in the plasma 
concentration of iron, zinc, and copper and increases in 
the circulating leukocyte count 24 h after intravenous 
injection of the larger dose of hrTNF, which induced the 
biphasic fever, were mainly caused by peripheral and 
central actions of IL-1, which is peripherally produced 
by hrTNF. However, hrTNF does not seem to induce IL- 
1 synthesis inside the blood-brain barrier, since the in- 
tracerebroventricular injection of TNF did not induce 
acute-phase response. Furthermore, it is inferred that 
the concentration of IL-1 produced by the larger dose of 
hrTNF was considerably high, because increases in the 
plasma copper concentration occurred 24 h after injec- 
tion, which was observed elsewhere in only the case of 
intravenous injection of a larger dose of hrIL-1. 

In the present study, we reported that two kinds of 
monokines, hrlL-la and hrTNF, are intrinsically pyro- 
genic and induce acute-phase response, although differ- 
ent mechanisms seem to exist between hrIL-1 and 
hrTNF, Thus it is apparent that fever and acute-phase 
response are induced by several kinds of cytokines that 
are IL-1, TNF, and interferon-7 (30), indicating the 
possibility that these responses are induced by products 
not only from monocytes but also from other kinds of 
leukocytes. Moreover, because of the close interactions 
of the immunoregulatory networks among various kinds 
of cells, it is possible that several lands of cytokines may 
contribute mutually and simultaneously to the induction 
of naturally occurring fever and acute-phase response 
under such pathological conditions as infections (10, 11, 
25). In fact, it has been suggested that interferon-7 (1, 
30) and TNF (26) induce the synthesis and release of IL- 
1 in addition to and despite their intrinsic pyrogenicily. 
Furthermore, considering that several kinds of cytokines 
induce fever and acute-phase response, it is inferred that 
fever and acute-phase response enhance immunologic 
reactions for host defense (23). 

We a« grateful to the Dainippon Pharmaceutical for supplies of 
human recombinant interleukin la and human lecombtnant tumor 
necrosis factor. 
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♦ TRENDS IN MOLECULAR MEDICINE 



Matrix metalloproteinases and their inhipitor^ 
tumour growth and invasion 

Veli-Matti Kahan^ and Vlpu Saarialho4Cer§^ 



CottttoUed dkfTfldMioa of the extracdhlar mfltcfx (ECM) is «kmI for 
ittvuive c^potdty, meUMsis md angiogenesis of tmiiotm. AlMdz 
(NfMPk), « fMtSy of 2iiic-4lepetident neutral cadopeptidasei di« are 
of dfgmdiisg fiMi i lially all ECM oomponaits, af^Micndy play an 
the^a aspccti 'ol tiMMtir devdopiiieiit. In addidott, ^tn h ftcmt evidtno^ 
afc alto inpoftam for imnour ceD snnriyaL At pzmnt^ tkerapCtttic inl 
tumour growik and iiiTarion based on the inlubitiott of tAMf acMty is, mil 
invtstigaiiony and ia?ml MMP inhibitors are already being usdl on 
of variow organs in clinical triab. In this review we diacnss the ink of 
inUbhofi in snmovr invasion as a basis for prognostic piwrpoaci and | 
tharapemic itigarvtnticHi in canoes 
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Untrediicllufi 

Controlled breakdown of the esctractUulsr matrix 
(ECM) is an essential feature of connective tissue 
remodelling in such physiological conditions as 
developmental tissue morphogenesis, tissue repair and 
angiogene^is. On the other hand, excessive brodcdown 
or the components of cotuiective tissue apparently 
plays a pathogenetic role» eg in rfaeumstoid arthritis^ 
osteoarthritis and periodontitis. Matrix metallo- 
proteinases (MMPs) arc a £amiiy of zinc-dependent 
neutral endopeptidases collectively capable of degrading 
essentially all components of the ECM. In addition to 
the pathological situations mentioned above, MMPs 
have been implicated eg in dermal photodgeing> 
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atherosclerosis, m^^ocardial' 
sclerosis, as well as in lun|o|ur cell ii^ljasion and 
metastasis (1-3). 
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At present, the human MMPIgme fiunily 
least 16 stnicturaily related ^imbers, 
divided into subgroups of cbt^genases, 
stromelystns and stromdysin jUpe MMl'Sij- 1 
txpe-MMPs (MPMMPsK andjiibvel MMPi 
to their primary scructore m cubstratf 
(Fig 1). In general, MMPs coftMn a sigtujl peptide, a 
propeptidei a catalytic doiniin widi mt 
conserved zioc-bindiog sise, jand a 
domain linked to the catnlyltK domain 
region (Fig 1). In addition, ge|aiinase-A 
gelatinase-B (MMP-9) contaii^ fibron€cj|n 
inserts within die catalytic: djo^nain, and 
contain a transmembrane dolmain at 
end of the haemopexin-lik# jdomain (tigl). The 
haemopexin domain is absenjt jin the sma lest MMP, 
matrilysin (MMP-7). The iiJbatratc spM cificity of 
distina MMPs has been detirmined on i le basis of 
their ability to degrade differt^n^ componefju of ECM 
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AbbrevMons and acrtmyms 

ECM extraceltular matrix 

EMMPRIN BxtracaRuiar matrix metaHoprcyi^na&d Inclucer 

EFtK sxtraceOu^$lsnaMogut&ted kinase 

IL interteukin 

JNK JunN-tamilnai kinase 

MARK mftrDgan'acHvated protein kinase 

MMP rmtt metaRoproteinase 

MK4P1 MMPinhtottof 

MT-MMP rndfnbcane-type MMP 

PKC proton kinase C 

SAPK strBS8«activat8d protein idnase 

sec squamous eel carcinoma 

TACE TNF'-a'OonvQrtingi anzyvne 

TGP-ff trangformlng growth fadDr-9 

TIMP tls&ua in^Ibttor of MMPd 

TK tyrosine kinase 

TNF tumour neorosls factor 

VBaF vascular endothetal growth factor 



in tfitro (1-3). However direcr evidence for the 
proteolytic activity of MMPs m vivo is still limited. 

Collagenases 

CoUagenase-1 (MMF4), coHagenase-2, (MMP-8) and 
coilagenase-3 (MMP-13) are che principal secreted 
neutral proteinases capable of initiating degradation 
of native fibrillar coUagens of types I, II, III and V. 
. They all cleave fibrillar coUagens at a specific site 
resulting in the generation of N-terminal 3/4 and C- 
terminal 1/4 fragments, wbkh dlien rapidly denature 
at body temperature and are further degraded by other 
MMPsy eg gelatinasts (1-3). In addition, human 
MMP-13 cleaves type I collagen in the N-terminal 
nonhclical telopeptide (4). MMP-13 has an excep- 
tionally wide substrate specificity and limited 
expression compared with other MMPs. MMP- 13 
cleaves fibrillar coUagens with preference to type FI 
coUagen over type I and III coUagens and displays 
over 40 times Stronger gelatinase activity than MMP- 
1 and MMP-8 (5-7). MMP-13 also degrades type IV, 
X and XIV coUagens as weU as tcnascin, fibronectin 
and the aggrecan core protein (8» 9). MMP-1 is 
expressed by various types of celts in culture and in 
vivo, whereas MMP-8 is produced by neutrophils and 
chondrocytes (l-*3). Apparently, because of its ability 
to degrade a wide range of ECM components, the 
physiological expression of MMP-13 is limited to 
situations in which rapid and effective remodelling of 
collagenous ECM is required, ie fetal bone develop- 
ment and postnatal bone remodelling (10« 1 1). On the 
other hand, MMP'13 is expressed at sites of excessive 
degradation oi collagenous ECM in osteoarthritic 
cartilage (7, 11), rheumatoid synovium (11, 12), 
chronic cutaneous ulcers (13), intestinal ulcerations 
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(14) atid periodontitis (15). as wcU as in maligi[ant 

tumours, ie breast carcinomas (5, 1^, 17), squafli 
celt carcinomas (SCCs) of the head and neck and 
vulva (18-20), cutaneous basal ceU carcinomas 
and chondrosarcomas (21), 

Gelatinases 

Gelatinase-A (a 72-kDa (kiloclalton) gelatinase, MifP 
2) and gelatinasc-B (a 92-kDa gelatinase, MMl>-9) 
were initially called 72-kDa and 92-kDa type IV c< Ha* 
geoases, respectively. MMP'2 is expressed by various 
types of cells, especially fibroblasts^ whereas the 
expression of MMP-9 is more restricted: it is prodticed 
by epithelial cells, eg keratinocytes, and stored in the 
secretory granules of neutrophils and eosinophils (11). 
MMP-2 and MMP-9 are diought to play an imporjant 
role in rhe final degradation of fibrillar coUagens a|fter 
they have first been cleaved by collagenases ind 
denatured. MMP-2 can also cleave native type I 
collagen to N-terminal 3/4 and C-terminal 1/4 
fragments identical to those generated by collagenases 
(23). In addition, MMF-9 has been shown to ckjave 
type I , II and V coUagens in the N-tcrminal nonhelical 
telopeptide (24). Thus, it is possible that MMP-2 ^d 
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MMP-9 also play a role in the remodelling of 
collagenous £CM under certain conditions. 

Stromelysins and stromelysin-like MMPs 

Stroinelysin-1 (MMP-3) and stromelysin-2 (MMP-10) 
are closely related with respect to structure and 
substrate specificity (1-3). MMP-3 and MMP-10 are 
both expressed by epithelial cells, such as keratinocytes 
and fibroblasts, as well as by various types of 
iTMlignant cellsy and they are able to degrade a wide 
raogr of substrates, eg (ibroncctin, type IV, V, IX and 
X coUagens, elastin, laminins, gelatin and proteoglycan 
core proteins. 

Stromelysin-S (MMP-U), matrilysin (MMP-7) and 
macrophage metaltoeiastase (MMP-12) arc often 
included in this subgroup although they are struc- 
turally less closely related to MMP*3 and MMP-10. 
MMP-11 degrades serine proteinase inhibitors^ but it 
has not been shown to degrade any ECM components. 
MMP-11 is expressed by fibroblastic cells. Matrilysin 
(MMP-7), the smallesr member of the MMP gene 
family, lacks the haemopexin-like domain b the C- 
terminus. MMP-7 has a wide substrate specificity: it is 
able to degrade fibronecrin^ laminin, nidogen^ type IV 
collagen and proteoglycan core proteins. Macrophage 
metalloelastase (MMP-IZ) degrades elastin, type IV 
collagen^ fibronecdn, vitronectin and laminin. tt is 
expressed by macrophages and stromal cells at sites of 
rapid matrix turnover during murine fetal devel- 
opment (3) and in granulomatous diseases of the 
intestine and skin (14, 25), 

Mmbrane-type MMPs 

The MT^MMF subgroup consists of four members, all 
of which contain a transmembrane sequence within 
the carboxy terminal haemopexin domain. MTl- 
MMP (MMP-14), MT2-MMP (MMP-15) and MT3- 
MMP IMMP-16) have been shown to activate latent 
MMP-2 proteolytically (26, 27). and MTl-MMP and 
MT2-MMP have also been shown to activate latent 
MMP-13 (28). MTl-MMP degrades the native type I 
collagen, gelatin, fibronectin, laminin- 1 and the 
cartilage proteoglycan core protein (29). MT2-MMP 
has been shown to degrade laminin, fibronectin and 
tcnascin (30), and MT3-MMP has been shown to 
degrade gelatin, type III collagen and fibroneain (31, 
32). The substrate specificity of MT4-MMP is not 
known, 

New MMPs 

Two recently cloned novel human members of the 
MMP family, MMP-19 (33) initially named MMP-18 
(34), and enamelysin (MMP-20) (35), cannot be 
classified to any of the MMP subgroups on the basis 



of their structure and substrate specificity. ImMP-19 is 
expressed in various tissues, and its Mlity to degrade 
native ECM components is not known. ^lMP-20 is 
expressed during tooth development anjl has been 
shown to degrade ameiogenin. 



Regulation of MMP expression an^ actM^ 

Transcriptional regulation 

In general, MMPs are not constitutively e^rpressed by 
cells in vivo^ but their expression Is rapidly! induced in 
response to exogenous signals, eg cytokine^ or growth 
factors and altered cell-matrix and cellhcdl inter* 
actions (1-3), As exceptions to this rule, cdilagenase-2 
(MMP.8) and the 92-kDa gelatinase (N^MP-9) are 
stored in secretory granules of neutrophils and 
eosinophils (22), and matrilysin (MMP-7) Is stored in 
the secretory epithelial celk of exocrine glands of, for 
example, the skin, gastrointesrinal tract and airways 
(36, 37). The expression of MMPs isi primarily 
regulated at the level of transcription, ; and their 
proteolytic activity is regulated by zymogedi activation 
and inhibition of activity* The basal exf^ression of 
several MMPs (1, 3, 7, 9, 10, 12 and 13) |in cultured 
cells is low, and their transcription is induced by a 
variety of extracellular stimuli, such as cytjokines and 
growth factors (1, 2). The 5 '-flanking j regulatory 
regions of these inducible MA4Ps contain a^ cii' 
regulatory element in the proximal promoter 
approximately at position -70 with respect to the 
transcription initiation site (3S). 

The extracellular signals mentioned abcjve activate 
the nuclear AP-1 transcription factoil complex 
composed of the members of Jun and Fds proteins, 
which bind to the AP-1 cis-element aiid activate 
transcription of the corresponding MMP; gene. The 
expression of the components of the cla^k:al AP-1 
dimei; c-Jun and c-Fos, are induced as a result of the 
activation of three distina classes of mitogeh-aaivated 
protein kinases (MAPKs), ie the extracellular signal- 
regulated kinase (ERK), stfess«activated proiein kinase/ 
Jun N-terminal' kinases (SAPK/JNKs) anjd p38. In 
general, the ERK1,2 cascade is activated by mitogenic 
signals, resulting in the phosphorylation |of various 
substrates, including Elk-1 by ERKs, aind in the 
subsequent activation of c-Fos transcription. The 
SAPK/jNKs and p38 are activated by; cytokines 
(tumour necrosis factor (TNF), interieukin |[IL)-1) and 
stress stimuli, such as UV light. The activation results 
in the phosphorylation of c-Jun and ATF-j by JNKs, 
and that of ATF-2 by p38y which in turn rejsults in the 
induction of c^Jun transcription (39, 40). 

Another important cis^element, the PE|A3 site, is 
also present in the promoter regions of AP-1- 
responsive MMPs mentioned above, but ijts location 
and number are more variable than those of the AP-1 
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cu-elcmenL The PEA3 element binds members of the 
ETS family of transcription factors, and it has been 
shown to cooperate with the AP-1 motif for maximal 
activation of MMP-1, MMP-3 and MMP*9 pcomoters 
(41-43). Expression of ETS-1 has been demonstrated 
in stromal fibroblasts adjacent to invading tumour 
cells and in endothelial cells during tumour vascular- 
ization (44-4€). 

Activation of latent MMPs 

Most MMPs are secreted as latent precursors 
(zymogens), which are proteolytically activated in the 
extracellular space with the exception of stromeiysin* 
3 (MMP-11) and MTl-MMP, which are activated 
prior to their secretion by Golgi*assodated furin-like 
proteases (47). The proMMPs are retained in latent 
form by a 'cysteine switch' formed by the interaction 
of a conserved cysteine in the propeptide with the 
catalytic zinc blocking the access of the catalytic site 
to substrate (48). Activation of the latent MMP by 
chaotropic agents (eg organomercurials), or partial 
proteolytic cleavage of the propeptide, dissociates the 
covalent bond between the cysteine and the catalytic 
zinc and exposes the catalytic site. For example, 
MMP'l is activated by several proteases, eg plasmin^ 
MMP-3 and MMP-10, and it can activate latent 
MMP-2L Latent MMP-13, in turn, is activated by 
plasmin, MTl-MMP, MMP-3» MMP-lO and MMP-2^ 
and It can activate MMP-2 and MMP-9 (28, 49). 
Thus, the ability of MMPs to activate each other 
creates a complex network of proteases in the 
pericellular space. Furthermore, activation of latent 
MMP-2 by membrane-anchored MTl-MMP and 
MT2-MMP (26, 27), and interaction of MMP-2 with 
the av^i intcgrin on cell membrane (50) are examples 
of mechanisms for directing proteolytic activity to 
focal areas in the pericellular space* 

Inhibition of MMP activity 

The proteolytic activity of MMPs is inhibited 
specifically by tissue inhibitors of metalloproteinases 
(TIMPs) as well as by nonspecific inhibitors, including 
the a2^niacrogIobulin and the al-antiprotease. Serum 
protease inhibitors, eg a2-macroglobulin, are abundant 
in the extracellular space everywhere in the human 
body, and they apparently play an important role in 
controlling the overall proteolytic activity in tissues. 

Tissue inhibitors of mctaiioproteinases 

The activity of MMPs is specifically inhibited by 
TIMPs, which bind to the highly conserved zinc- 
bmdtng site of active MMPs at molar equivalence. 
Currently, the TIMP gene family consists of four 
structurally related members, TlMPs 1, 2, 3 and 4, 
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which show a 30-40% identity at the amino acM level 
and possess 12 conserved cysteine residues rojuired 
for the formatioD of six loops (51). TIMPs 1, 2 and 4 
arc secreted in soluble form, whereas TIMl^-3 is 
sequestered to the ECM (52). TIMP-1 and ■nMP-2 
inhibit the activity of most MMPs with the exo option 
of MTl-MMP, the activity of which is not int Ibited 
by TIMP-1. TlMF-2 is a 10 times mote cfltctivc 
inhibitor of gelatinases, whereas TlMP-l is ibout 
twice more effective against MMP«1 than against other 
MMPs» Furthermore, TIMF-1 and TIMP^2 form 
complexes with latent MMP-9 and MldP-2, 
respeaively (51). TlMP-3 inhibits the acti^ of 
MMPs 1, 2, 3, 9 and 13 (28) and unlike other T[lMPs 
it inhibits the activity of the tumour necrosis iiactor 
{TNF)-a-converting enzyme (TACE) (S3),' sugg^iing 
that it plays a role in the modulation of inifla 
response by inhibiting shedding and activad^ 
TNF-a TlMP-4 inhibits the activity of MMP-^ 
MMP-7 somewhat more potently than that of 1 
1, 3 and 9 (54). 

TlMFs are produced by a variety of cell typcsj such 
as fibroblasts, keratinocytes, endothelial cellij and 
osteoblasts. Expression of TIMP- 1 b regulated it the 
level of transcription by various growth fakors. 
hormones and cytokines, such as transforming gibwth 
factor-p (TGF-p), lL-1 and IL-6, retinoic acid, TNF-o, 
epidermal growth factor and glucocorticoids, wi^creas 
TlMP-2 is largely expressed constituttvety by ensured 
cells. TIMP-3 expression is up-regulated by mitc{gens, 
phorbol esters and TCP-^, and inhibited by T^^a 
(52, 55, 56). Furthermore, it is regulated in ^ cell 
cycle-dependent manner in several types of ceUsJ(57). 
The expression of TIMP-4 is restricted: it is abuntjantly 
expressed in the adult human heart and» at veri low 
levels, in the kidney, placenta, colon and testis (5^. 

TIMPs have biological effects that extend b^ond 
their role as inhibitors of MMP activity. They ix^duce 
changes in cell morphology, stimulate growAi of 
several cell types and are involved in steroidogenesis 
and germ cell development of both aexes (5l|), In 
addition, TIMP-l and TIMP-3 arc antiangiogenicj (59- 
61), Interestingly, TIMP-2 is also involved ii^ the 
activation of MMP-2 as it binds to latent MMP-^ and 
MTl-MMP at cell 5urface» resulting in protcblytic 
activation of the latent MMP-2 by adjacent MTl-MMP 
(26, 27). In addition, ove^expre5sioo of TIMP-J has 
been shown to stimulate the production of va^lar 
endothelial growdi factor (VEGF), type IV coUagej) and 
laminin by breast carcinoma cells in culture (62, 68). 

MMPs and TIMPs in tumour Invasion ^ 

Role of MMPs in tumour invasion 

Tumour invasion is a multistep process in Which 
cellular motility is coupled to proteolysis and invjolves 
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interactions with the ECM. During invasion, 
malignandy transformed cells detach from the primary 
turnout; . migrate and cross structural barriers, 
including basexncnt membranes and surrounding 
stromal ECM consisting mainly of fibrillar collagens. 
In addition, proteolytic degradation of stromal ECM 
is considered essential in txtmoufvinduced angiogenesis. 

However; the proposed role of MMPs in tumour 
invasion is, at present, mainly based on the obser- 
vadons of abundant expression of distinct MMPs in 
invasive primary tumours or in their metastases 
(reviewed in {64^6)); whereas evidence for the actual 
activity of distinct MMPs in rumour tissues in vivo is 
limited. As the expression of most MMPs is low or 
undetectable in normal tissues, activation of their 
expression in malignant tumours m vivo has been 
taken to indicate that they are, in faa, produced and 
activated in situ. This notion is supported by 
observations that expression of certain MMPs is 
associated with the invasion capacity of certain 
tumours. For example, the level of MMP-1 expression 
correlates with a poor prognosis of colorectal and 
oesophageal cancer {67y ^S), and the expression of 
MMP-2 and MMP-3 ia closely related to lymph node 
metastases and vascular invasion in SCCs of the 
oesophagus (69). Similarly, abundant expression of 
MMP-13 in SCCs of the head and neck and vulva is 
associated with their metastatic capacity (18, 20). 
MMP-1 1 expression is also associated with increased 
local invasiveness of SCCs of the head and neck (70). 
Increased expression of gelatinases and collagenases 
correlates with the invasiveness of malignant 
melanomas (71, 72). 

In viuo, MMP-2 is observed early in mclanocytic 
tumour progression, in junctional nests of benign nevi, 
with die level of MMP-2 expression increasing with 
advancing architectural disorganization and atypia, 
suggesting a role for MMP-Z in melanoma invasion 
and metastasis (71), In the light of Ac activation 
mechanism of MMP-2, it is not surprising that the 
expression of MMP-2, TIMP-2 and MTl-MMP 
correlates with poor prognosis of bladder cancer (73), 
Similarly, expression of MMP-2 and MTl-MMP 
correlates with malignant progression in gliomas (74). 
These observations show that it may be more 
informative to compare the invasion capacity of 
malignant tumours with the expression of several 
MMPs and their activators. 

Additional direct evidence for the role of MMP 
activity in invasion and growth of tumours has been 
recently provided by knock-out mice for distinct MMPs. 
MMP-7 knock-out mice showed reduction in intestinal 
tumourigenesis (75) and MMP-2-deficient mice show 
reduced angiogenesis and tumour progression (76). 
MMP-1 1 knock-out mice show reduced tumourigenesis 
in response to chemical mutagenesis (77). 

In most tumours, stromal fibroblasts are the 



primary source of MMPs. In mapy tumours » stromal 
cells also actively express ECM components, eg type I 
collagen, indicating that the surrounding stromal 
compartment of malignant tumours is undergoing 
extensive tissue remodelling (78, 79), Infiltration of 
inflammatory cells is also a prominent feature of many 
malignant tumours, and they can also be a K>urce of 
certain MMPs in the peritumoural enviromi leoc. For 
example^ in SCC tumour cells, stromal fibrol lasts and 
inflamnutory cells all express a distinct set o|f MMPs, 
which can at least in part complement the ps oteolytic 
capacity of each other (20). In addition tt^ MMPs^ 
inflammatory cells produce cytokines, ^ich may 
enhance expression of MMPs by tumo\ir an4 stromal 
cells. Furthermore, tumour cells produce proems, such 
as EMMPRIN (extracellular matrix metallopjroteinase 
inducer), which enhances the production MMPs 
byfibrobhsts(g0,81). . ! 

It is hkely that distinct MMPs form a nefvork, in 
which a sii^e MMP is crucial for the dcjavage of 
certain native or partially degraded matrix components 
and for the activation of other latent MMPs^ It is 
therefore possible diat the inhibition of the ef pression 
or activity of only one MMP can potendhr reduce 
peritumoural proteolytic activity and tumour [invaston* 
It is also possible that different MMPs plajr distina 
roles At different stages of tumour development. The 
Stromal reaction is often regarded as a host {response 
to tumour (16). In this context^ it is interesting that 
MMPs 3, 7, 9 and 12 have been shown toj generate 
angioatatin from plasnunogen^ indicating i^at their 
expression in peritumoural area may servq to limit 
tumour-induced angiogenesis (82-84). It s|ioaId be 
noted, that all MMPs, *e expression of vfhich has 
been documented in malignant tumours, cah also be 
expressed by non- neoplastic cells. MMP*13j MMP-7 
and MTl-MMP can be regarded as transformation- 
specific l^Ps, at least in keratinocytes, aa they are 
not expressed by normal keratinocyted, or in 
premalignant lesions of the skin (actinic keratoses and 
Bowen*s disease). However, they arc readily ^pressed 
by maUgnantly transformed keratinocytes jin SCCs^ 
indicating that their expression serves as a niarker for 
transformation and invasion capacity of iCC cells 
(18-20, 85). I 

Role of TIMPs in tumour invasion j 

The ability of TIMPs 1, 2. 3 and 4 to irihibft tumour 
growth has been shown by over-expressing them in 
various human and rodent cell lines (86-89). In 
transgenic mice, TIMP-1 over^cxpression j inhibited 
primary growth of T-cell lymphoma. [However, 
metastatic colonization of the liver was no^ hindered 
by elevated TIMP levels (90), suggesting tha^ not only 
the tumour cells but also the host stroma a^e integral 
to cancer progression. Effects of tumoui vs host 
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expression of UMP-l are further illustrated in recent 
studies on geneticaily manipulated mice, varying in 
the expression of TlMP-1, in which lung colonization 
was influenced by the TlMP-1 genotype of the tumour 
but not by that of the host (91). 

In malignant tumours in vivo, MMPs often 
colocaliie with their specific inhibitors. Both TIMP-1 
and MMP-2 were expressed in nearly all the head and 
neck carcinomas examined (92), TIMP-1 and TIMP-2 
have often been detected in cancer and endothelial 
cells (72) and very typically together with MMPs in 
stromal cells adjacent to malignant tumours (93^ 94), 
In SCCs the presence of TIMP-1 and TlMP-2 
correlated with less aggressive behaviour (94). TIMP- 
2 expression has been detected) for example, in the 
stroma of colorectal carcinomas^ and it has been 
suggested that abundant expression of TIMP-2 in the 
stroma would correlate with longer survival time (95). 
Similarly, higher levels of TIMP-2 were detected in 
basal cell carcinomas than in SCCs^ indicating an 
inverse correlation between TlMP-2 expression and 
invasive capacity of these cutaneous tumours (96). 
Stromal celts of colon and mammary carcinomas 
express 'nMP-3 (55), It is not expressed in benign 
skin tumours, but infiltrative basal cell carcinomas 
express TIMP'^S in the malignant cells at the margins 
of tumour islands (55), whereas both TlMP-1 and 
TIMP-2 are detected only in the stromal cells 
surrounding the tumours (96). In well-differentiated 
cutaneous and oral SCCs, stromal cells adjacent to the 
tumour express TIMP-3 and TTMP-1 (55, 97). In 
melanomas, TIMP-1 and TIMP-3 expression is 
increased in tumour and stromal cells in invasive 
melanomas (72). Expression of TIMP-4 in malignant 
mmours in vivo has not been documented. 

In some malignant tumours^ a correlation has been 
detected between the invasiveness and prognosis of 
the tumour and the ratio of MMPs and TIMP-1 and 
TIMP-2 (98). This correlation could be used to 
determine whether patients with advanced cancer need 
adjuvant chemotherapy after complete resection (99). 
Mowevei; high TIMP levels in various types of 
malignant tumours also correlate with more aggressive 
behaviour of the tumour. An association between a 
poor prognosis and high levels of expression of TIMP- 
1 in colorectal (100) and non-small-ccll lung cancers 
(101) and that of TIMP-2 in bladder cancer has been 
rcponed (102). Increased expression of TIMPs 1, 2 or 
3 in highly malignant tumours of the gastrointestinal 
tract (103, 104), breast (105), lung (106), head and 
neck (93), and die skin (72) has been demonstrated. 
These reports suggest that TIMPs have a dual effect 
on tumour growth. In addition to suppressing 
proteolysis and neovascularization they may promote 
tumour cell proliferation at some stage of tumour 
progression (51). Whether abundant expression of 
TIMPs by stromal cells indicates a stronger host 



response against a more invasive tumour or whether 
TIMPs are needed for tumour growth or invajston 
cannot be answered conclusively at present. 



Prevention or tumour growth and 
invasion by Inhibiting MMP activity 

Based on the observations discussed above it has been 
suggested that inhibition of MMP activity c^^uld 
markedly inhibit invasion and metastasis of neoplastic 
cells and effectively suppress growth of the prinjiary 
tumour and metastases by inhibiting angiogei^esis 
(107). In general, MM? expression or activity cai^ be 
inhibited at several steps in the synthetic padiwaV of 
MMPs (Fig 2), 



Inhibition of MM? transcription 

An effective way of inhibiting the activity of MJjiPs 
may be to target their transcriptional activity eithc^ by 
blocking signaHing pathways regulating MMP 
transcription or by inhibiting transcription factors 
responsible for activating transcription of MMP ge^es. 
It has been shown that inhibition of signalling 
pathways involved in AP-1 activation, ie the MAl^Ks 
(ERK1,2, SAPK/JNK or p38) can markedly inhibit jthc 
expression of MMPs and the invasion of malignlant 
cells in vitro. Inhibition of the ERK1,2 pathway (lta& 
MEK1,2/ERK1,2) by a specific inhibitor of MEKJ,2 
activation (PD 98059) potently inhibits urokinjase 
expression in SCO cells (108) and MMP-1 expression 
in fibroblasts (109). In addition, inhibition of p38 
activity by a specific inhibltoi^ SB 203580, abrogsjtes 
activation of MMP-1 and MMP«13 expression! in 
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fibroblasts (109-ltl) as well as MMP-9 expression 
and invasion of $CC cells (112). However the efficacy 
of MAPK inhibitors in the in vivo invasion of 
malignant cells has not been demonstrated 

Expression of dominant negative c-Jun has been 
shown to inhibit the induction of MMPs 1, 2, 3, 10 
and 14 as vreii as the in vitro invasion of immortalized 
keratinocytes (113). Similarly, stable expression of 
dominant^negative cyclic AMP response element- 
binding protein (CRJEB) inhibits the expression of 
MMP-2 and the invasion of malignant melanoma cells 
in vivo (114)* A disadvantage in this approach is that 
other transcripdoQ factors^ which may play a rote in 
the activation of MMP expression, are not necessarily 
affected. Furthermore, utilization of dominant- 
negative transcription factors as a form of cancer 
therapy would require an effective method of gene 
delivery in vivo. Retinoids as inhibitors of AP-1 
activity could also be used to prevent MMP gene 
expression in selected human carcinomas i€6). 

Inhibition of MMP translation 

Another option for inhibiting expression of specific 
MMPs is to use antisense RNAs. Antisense oligo^ 
nucleotides for MMP-7 have been shown to inhibit 
invasion of colon carcinoma ceUs in vitro and in vivo 

(115) . This approach may benefit from the addition of 
a hammerhead ribozyme loop to the antisense RNA 
to allow effective degradation of specific messenger 
RNA molecules. An MMP-9 antisense-ribozyme 
expression construct was shown to inhibit expression 
of MMP'^9 and the invasion of rat osteosarcoma cells 

(116) , Qearly^ this approach also requires an effective 
method of gene transfer to the cells in vivo. 

InhibiHon of MMP activity 

At present, inhibition of MMP activity in the 
extracellular space has been the most extensively 
studied approach to inhibit invasion of neoplastic cells. 
The ability of TIMPs to potently and specifically 
inhibit MMP aaivity has drawn ancncion to them. 
Several experimental studies have shown that ovetw 
expression of TIMPs 1, 2» 3 and 4 can inhibit invasion 
of malignant cells in vitro and in vivo (91), In 
addition^ over^xpression of TIMP-3 induces apoptosis 
in various types of malignant cells^ suggesting that 
MMP aaivity plays an impottant role in die survival 
of tumour cells {88, 117, 118). However, TlMP-bascd 
cancer therapy would clearly require an effective 
method of gene delivery, such as recombinant 
adenoviruses (88, 118). 

Synthetic MMP inhibitors (MMPls), such as 
hydroxyamate "uihibitprs, are small (M, < 600) peptide 
analogues of fibrillar collagens, which specifically 
interact with the sine in the catalytic site of MMPs 



and inhibit their activity. At- present, several MMPIs 
aimed at treating invasive malignant tumoujrs, such as 
gastric, pancreatic and ovarian cancers, arej in clinical 
trials (Table 1) and might represent a newj approach 
to cancer treatment, complementary to traditional 
cytotoxic drugs. Synthetic MMPIs may inhipit tumour 
growth either by enhancing the development of the 
fibrotic capsule around the turnout^ and thereby 
preventing tumour invasion, or by inhibitii|g tumour- 
induced angiogenesis* llie principal side-effect of these 
dri4p has been musculoskeletal pain ipparendy 
resulting from the inhibition of MMP activity invoWed 
in normal turnover of connective tissue m tendons 
and joints (107), ! 

Broad-spectrum hydroxyamate MMPIs^ patimastat 
(BB-94) and marimastac (BB-2516), werl the fust 
MMPIs to enter clinical trials in the trcjatment of 
malignant tumours. Batimastat is well tolerated, but its 
utility is limited by poor water solubility^ whifch requires 
intraperitoneal administration (119). Ma^imastat is 
water soluble and can be administered joralty. At 
present, marimastat is used in phase U and | III clinical 
trials in North America and Europe in chc{ treatment 
of several malignant tumotirs'. Selective tilrgeting of 
certain MMPs instead of using broad-spectrum 
inhibitors has been suggested to be preferal^Ie because 
of the fact that certain MMPs (MMPs 3, 7j 9 and 12) 
can inhibit angiogenesis by generating ingiostatin 
from plasminogen, and thereby suppress tumour 
growth. Spcci6c MMPIs targeted against cbllagenases 
or gelatinases have been developed, but tl^e complex 
effects of MMP inhibitors arc demonstrated by 
fmdfaigs that MMPIs with similar inhibitioji profile in 
vitro can have cntiirely opposite effects 6n tumour 
growth and metastasis in vivo (107). j 

Tetracyclines have the ability to block hbst-derivcd 
MMPs by a mechanism independent of their anti- 
microbial effect (120). Recent observatiohs indicate 
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that they or their derivatives arc also able to block the 
expression of MMP-2 and MMP-8 in keratinocytcs 

(121) , endothelial cells and rheumatoid s^^novial cells 

(122) , and the expression of MMF-3 in fibroblastt 

(123) . Consequently, the ability of synthetic tetra- 
cydines to inhibit invasion of prostate carcinoma cells 
has been shown (J24). Tetracyclines have also been 
shown CO induce apoptosis of malignant cells, 
providing further evidence that MMP activity in 
general may play an important role in the Survival of 
neoplastic cells (124, 125). 

Bisphosphonatcs are a group of pharmacological 
substances recently identified as MMP inhibitors 
(126). They were developed as inhibitors of bone 
resorption and have been used to treat patients vWth 
bone metastases (127). Bisphosphonates have also 
been shown to inhibit secretion of MMP-2 (128) and 
to prevent the inhibitory effect of TIMP-2 on MMP-2 
degradation by plasmin and thereby enhance the 
inacdvation of MMP*2 (129). 



Conclusion 
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In conclusion, there is convincing evidence that MMPs 
play an important role in the invasive capadtl and 
growth of various malignant tumours and that the 
expression of certain MMPs can be used to estfmatc 
the metastatic capacity and prognosis of raaliipiant 
tunttours. In addition, there is evidence that ^MP 
activity may also play a role in the surviviil of 
malignant cells. The ongoing clinical trials Iwitfa 
synthetic MMP inhibitors are expected to $how 
whether the concept of MMP inhibition has a pl^ce in 
the therapeutic arsenal aimed at inhibiting growth, 
invasion and metastasis of malignant tumours* i 
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THERAPEUTIC REVIEW 



Matrix Metalloproteinases and Coronary 
Artery Disease: A Novel Therapeutic Target 

Diane C. Celentano, MD, and William H. Frishman, MD 



Matrix metalloproteinases (MMP) are a family of enzymes that selectively digest individ- 
ual components of the extracellular matrix. Their function has been studied in both 
normal physiologic processes and pathologic states. In the blood vessel. MMPs play an 
important role in maintaining the vessel's integrity by breaking down extracellular 
matrix while new matrix is being synthesized. This is necessary to avoid weakening 
from continuous mechanical stresses. However, in certain environments, these MMPs 
may contribute to cardiovascular pathologic processes. The purpose of this review is 
to first discuss the role of MMPs in coronary vascular disease. Evidence suggests that 
MMPs contribute to the development ofde novo atherosclerotic plaques and postangio- 
plasty restenotic plaques by allowing smooth muscle cells to migrate from the vascular 
media to the intima. Evidence also suggests that MMPs contribute to the rupture of 
these plaques by degrading the fibrous cap that surrounds them. With this increased 
molecular information that concerns the pathogenesis of coronary vascular disease, 
new molecular therapies aimed at altering these processes are being investigated. The 
rationale, mode of delivery, and prospects for success of these therapies will also be 
discussed here. J Clin Pharmacol 1997;37:991-1000. 



Matrix metalloproteinases (MMPs) are a family of 
enzymes that are important in the resorption of 
extracellullar matrices in both normal physiologic 
processes and pathologic states (Table I). Individu- 
ally, these enzymes digest selective components of 
the extracellular matrix. Collectively, this family can 
degrade the entire extracellular matrix. 

In the past few years, MMPs were mostly studied 
in the context of normal physiologic development, 
postnatal remodeling, and in the pathologic resorp- 
tion associated with invasive tumors, periodontal 
disease, and rheumatoid arthritis. More recently, this 
area of study expanded to include the cardiovascular 
system. Evidence now suggests that MMPs play an 
important role in maintaining blood vessel integrity. ^"j* 
To avoid weakening from the normal mechanical 
stresses of blood pressure, a vessel must continu- 
ously remodel its connective tissue. Matrix metallo- 
proteinases contribute to this remodeling by break- 
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ing down the extracellular matrix while new matrix 
is synthesized. 

Matrix metalloproteinases may also play an im- 
portant role in pathologic states in the coronary ar- 
tery system. By breaking down the extracellular ma- 
trix, MMPs may allow smooth muscle cells to invade 
and migrate, which contributes to pathologic pro- 
cesses such as atherosclerosis and postcoronary an- 
gioplasty restenosis. In addition, MMPs may degrade 
the fibrous cap of an atherosclerotic plaque, thereby 
contributing to coronary plaque rupture. This review 
discusses the role of MMPs in coronary artery disease 
and explains possible therapeutic approaches 
through manipulation of the MMP system. 

THE MATRIX METALLOPROTEINASE FAMILY 

The MMP family has been subdivided into three 
groups, based on substrate preference: the collagen- 
ases, gelatinases, and stromelysins (Table II). A 
fourth group made up of integral membrane proteins 
has recently been elucidated. At present, each MMP 
can be referred to by either its molecular weight, 
its order of identification, or its substrate specificity. 
This review will use substrate specificity. 

The MMP family of enzymes are calcium activated. 
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TABLE I 



Matrix Metalloprotelnase Involvement in Tissue 
Resorptlon/Degradation 



Normal Process 



Pathological Process 



Ovulation 

Endometrial cycling 

Blastocyst implantation 

Embryogenesis 

Salivary gland morphogenesis 

Mammary development/ 

involution 
Cervical dilatation 
Fetal membrane rupture 
Uterine involution 
Bone growth plate 
Bone remodeling 

Angiogenesis 
Tooth eruption 
Hair follicle cycle 
Macrophage function 
Neutrophil function 



Cancer invasion 
Tumor metastasis 
Rheumatoid arthritis 
Osteoarthritic cartilage 
Periodontal disease 
Wound/fracture 

healing 
Fibrotic lung disease 
Liver cirrhosis 

Corneal ulceration 

Gastric ulcer 

Dilated 
cardiomyopathy 

Aortic aneurysm 

Atherosclerosis 

Otosclerosis 

Epidermolysis bullosa 



c ^TS.i^^^o'!^/ ^^^'^y °^ "'^^^^ metaolloproteinases. Ann NY Acad 

Set 1994:732:14, with permission. 



zinc endopeptidases that share similarity at the amino 
acid level. These enzymes have several structural fea- 
tures in common, including a pro-peptide domain that 
contains a cysteine switch ^ a catalytic zinc binding 
domain, and a hemopexin-like domain.'^^ 

Production and Regulation 

Matrix metalloproteinases can be secreted from many 
cells including immune cells, fibroblasts, tumor cells, 
endothelial cells, smooth muscle cells, and foam 
cells/ Their synthesis and activity must be closely 
regulated to prevent any over- or under-production that 
may lead to excessive tissue destruction or a fibrotic 
process. To maintain tight control, MMPs are regulated 
at three main levels: transcription, activation of latent 

' proenzymes, and inhibition of activitv by endogenous 
inhibitors called tissue inhibitors of MMPs. 

The regulation of MMP genes in normal tissue is not 
thoroughly understood at present. Complicating this 
area of research are differences between in xntro and 
in vivo patterns of expression, variation of regulation 
in different tissues, and evidence of both inducible and 
constitutive expression of certain MMPs. Individual 

MMP expression will be discussed below. 
All members of the MMP family are produced as 



inactive zymogens that must be cleaved to become 
active.'" *' These proteases are thought to be held in 
the inactive form through coordination of a cvsteine 
in the proregion with the active site zinc ion. thereby 
blocking access to the active site,*- Activation o'f 
most MMPs involves cleavage of the propeptide 
which destabili zes this cvsteine-zinc interaction. 
Plasmin and stromelysin are known physiologic acti- 
vators. ' '-^^ However, Progelatinase A lacks the appro- 
priate protein cleavage site required for enzyme acti- 
vation.'** Other mechanisms of activation have been 
described for gelatinase A, including self activa- 
tion'' and receptor-mediated activation. 

Once the zymogen is activated, the major point of 
control lies with the tissue inhibitors of MMP (TIMP). 
To date there are three members of the tissue inhibitors 
family: TIMP-1. TIMP-2. TIMP-3. Ail three types con- 
tain two domains: the N-domain which reacts with the 
active site of MMPs, and the C-domain which binds to 
other components of the MMP.'® The inhibitor TIMP-1 
is s)aithesized by macrophages and most connective tis- 
sue cells. It acts against all members of the MMP familv 
and is highly inducible by cytokines and hormones. The 
• inhibitor TIMP-2 acts more specifically on gelatinase 
A (MMP-2), and its expression usually' follows that of 
gelatinase A. This inhibitor, along with its substrate, is 
generally found at a constant level in vascular connec- 
tive tissue and it is not easily induced. The inhibitor 
TIMP-3 is anchored in the matrix, and has the additional 
properties of stimulating cell growth, but is not as well 
understood.'^ 

A fourth regulatory mechanism is being studied 
that involves a negative feedback system. Some re- 
search has suggested that plasmin can both activate 
MMPs and also provide a negative feedback for its 
degradation response.-*' At low levels, plasmin in- 
duces the synthesis and activation of collagenase and 
stromelysin from smooth muscle cells.^' However, 
plasmin in high concentrations will induce plasmin- 
ogen activator inhibitor-1 secretion from smooth 
muscle cells. This induction may act as a negative 
feedback by limiting further plzrrnin generation, and 
therefore reduce further synthesis and activation of 
MMPs. Proposed mechanisms for plasminogen acti- 
vator inhibitor-1 induction include mechanical cy- 
toskeletal changes on the smooth muscle cell from 
surrounding extracellular matrix breakdown or a 
receptor-mediated mechanism by extra-cellular ma- 
trix breakdown products. 

THE METALLOPROTEINASES IN CORONARY 
ARTERY DISEASE 

Atherosclerosis 

The classic mechanism for the pathogenesis of ath- 
erosclerosis, called the "response to injury hypothe- 
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TABLE II 



MMP Subgroups 



Subgroup 


Name 


MMP# 


Molecular Wt. 
(Latent Form) 

(kD) 


Substrate 


Regular in Human 
VSMCs 


Native 
Inhibitor 


Collagenases 


Interstitial C 


1 


55 


C types III, 1, IL VII & X; 


IL-1. TNFa, PDGF. 


TIMP-1, -2 






8 




Gelatin, proteoglycans 


phorbol 






Neutrophil C 


75 


C types L III, II, 




TliVIP-1. -2 


Gelatinases 


Gelatinase A 


2 


72 


proteoglycans 
C types IV, V, VII & X; 


constitutive 


TIMP-2. -1 










gelatin 






Gelatinase B 


9 


92 


C types IV, V, VII &X 




TIMP-l, -2 


Stromelysins 


Stromelysin 1 


3 


57 


C types III, IV, V & IX; 


IL-1. TNFa 


TIMP-l, -2 










laminin, fibronectin, 














elastin, gelatin. 














proteoglycans, 














progelatinase B, 








Stromelysin 2 


10 




procollagenase 








57 


Same as above 




TIMP-1. -2 




Stromelysin 3 


11 


51 


Gelatin, fibronectin, 




TIMP-l. -2 




PUMP-1 






proteoglycans 








7 


28 


Gelatin, fibronectin. iaminin, 




TlMP-1. -2 










C type IV, 














procollagenase, 














proteog^can core protein 








Metalloelastases 


12 


57 


Elastin 




TIMP-1. -2 


Membrane- 


MT-MMP 




66 


C type IV, gelatin, 




TIMP-1. -2 










progelatinase A 







VSMC, vascular smooth muscle cells; C, collagen: lL-1, interleukin-1: TNFa. tumor necrosis factor alpha; T?MP, tissue, 
mhibitor of matrix metalloprotemase. 
Bold type denotes a potent interaction between the compounds indicated. 
From Ref. 1 3 with permission. 



sis" states that atherosclerosis is initiated as a re- 
sponse to arterial endothelial injury, mechanical or 
functional, which allows increased permeability to 
lipids and monocytes and permits platelets to adhere 
to the endothelium."^ The monocytes then transform 
into macrophages in the intima and accumulate lip- 
ids to become foam cells. These macrophages and 
platelets at the surface then release multiple factors, 
which include interleukin-l, tumor necrosis factor, 
and platelet-derived growth factor, and may cause 
migration of medial smooth muscle cells into the 
intima to proliferate and produce the extracellular 
matrix. of the resulting lesion. 

It is proposed that the mechanism that medial 
smooth muscle cells migrate to the intima is medi- 
ated by MMPs degrading the extracellular matrix sur- 
rounding them and the basement membrane separat- 
ing the media from the intima. This would involve 
the breakdown of fibronectin and collagen type I 
found in the extracellular matrix, and collagen type 



rv, Iaminin and heparin sulfate proteoglycans, found 
in the basement membrane. It has been established 
that the cytokines secreted by the intimal macro- 
phages can stimulate smooth muscle cells in vitro to 
produce MMPs that are capable of degrading these 
substances.^ 

Human smooth muscle cells in culture respond 
to interleukin-1 and tumor necrosis factor alpha by 
increasing the secretion and the activity of stromely- 
sin (MMP-3), interstitial collagenase (MMP-1), and 
gelatinase-B (MMP-9). Stromelysin, among other 
things, activates pro-coUagenase and progelatinase 
B. Interstitial collagenase acts by disrupting the na- 
tive structure of collagen I fibrils found in the media. 
These degraded fibrils can then be further degraded 
by either gelatinase A or B (MMP-2 or 9. respec- 
tivelv). 

Gelatinase A (MMP-2), TIMP-1, and TIMP-2 also 
were produced. by these smooth muscle cells before 
and after stimulation, but their concentration was 
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unaffected by the stimuli. Gelatinase A is the MMP 
that degrades the collagen found in the basement 
membranes. In vitro studies have shown that smooth 
muscle cell invasion through basement membrane is 
dependent on production of gelatinase A and can 
be inhibited by gelatinase A inhibitors.^^ Although 
gelatinase A did not increase in concentration after 
stimulation by interleukin-1 or tumor necrosis fac- 
tor-alpha, it was found in a lower molecular weight 
and a more active form after stimulation.® As men- 
tioned previously, there is usually a constitutive se- 
cretion of gelatinase A and its activation is different 
from the other MMPs. Perhaps this MMP does not 
increase in concentration in response to stimulation, 
but becomes more active. Regardless, the .ratio of 
MMP activity to tissue inhibitors of MMP increased 
after interleukin-1 and tumor necrosis factor-alpha 
stimulation to the smooth muscle cell, favoring the 
necessary connective tissue and basement membrane 
breakdown for smooth muscle cell migration from 
the media to the intima. 

Other in vivo evidence has connected MMPs with 
the atherosclerotic 'process. A common polymor- 
phism in the promoter region for stromelysin has 
been associated with a faster progression of coronary 
atherosclerotic disease in humans.^^ Stromelysin 
acts on many substrates, including proteoglycans, 
collagen II, IV, and IX, laminin, fibronectin, and gela- 
tin.^^'^® When 72 patients from the St. Thomas Ath- 
erosclerosis Regression Study (STARS) were studied, 
patients with an altered stomelysin promoter region 
had a more rapid progression of coronary atheroscle- 
rotic disease than those without this altered geno- 
type. It is proposed that MMPs and tissue inhibitors 
of MMPs are coordinately regulated in response to 
cytokines, and thus a change in the transcription of 
the enzyme and not the inhibitor may disrupt the 
normal balance. Therefore, extracellular matrix deg- 
radation would predominate and smooth muscle 
cells could migrate faster. 

This significant difference, however, was only 
found in comparing those with the least stenosis 
(<20%) and those with the highest serum low-den- 
sity lipoprotein cholesterol (plasma LDL >4.2 mmol/ 
L). This finding of significant progression in the least 
stenosed vessels is consistent with several other 
studies that showed a more rapid progression in less 
stenosed vessels.^" It is possible that those patients 
with more severe stenosis were progressing too 
slowly to detect a significant difference between the 
rates. The association between low-density lipopro- 
tein cholesterol and cardiovascular disease has been 
documented in many studies. Interestingly, patients 
with the altered genotype who were treated with diet 
and lipid-lowering agents did not exhibit the same 



rapid progression effects. It is proposed that products 
of the oxidized low-density lipoprotein produced in 
the intima may alter cells to produce more cytokines, 
thus stimulating more MMP production and smooth 
muscle cell migration, which facihtates atherosclero- 
sis. If oxidized low-density lipoprotein induces this 
reaction in all patients, possibly patients with this 
altered genotype have an enhanced response, i.e. a 
genetic predisposition to progress faster. 

Angioplasty Restenosis 

Percutaneous transluminal coronary angioplasty is a 
widely used treatment for angina pectoris. It is an 
attractive procedure because of its limited invasive- 
ness and minimal complication rate compared with 
surgery. However, its usefulness is limited by a high 
restenosis rate. 

The pathogenesis of human restenotic lesions after 
percutaneous transluminal coronary angioplasty is 
not well defined, but there is some consensus regard- 
ing the general sequence of events.^^ Within the first 
24 hours, "recoil*' can occur secondary to vessel elas- 
ticity,^^'^^ with thrombi formation subsequent to ex- 
posure of subendothelial structures to blood. Be- 
cause atherosclerotic lesions vary in composition, 
their thrombotic potential does as well. Evidence 
suggest that the highly lipid plaques are the most 
thrombogenic.^"* 

Vhe involvement of smooth muscle cells in this 
event is less clear. Evidence suggests medial smooth 
muscle cells immediately replicate on day 1 mi- 
grate to the intima on day 4, and then may replicate 
again in the intima and produce an extracellular ma- 
trix.^® As discussed in the development of atheroscle- 
rosis, MMPs may play a central role in migration of 
medial smooth muscle cells to the intima. This the- 
ory is supported by a rise in gelatinase B synthesis 
and activity in the vessel 1 day after balloon injury, 
and its continued presence for 6 days after injury.^^ 
However, smooth muscle cells in an artery post- 
percutaneous transluminal coronary angioplasty are 
in a strikingly different environment than they were 
in the development of the de novo atherosclerotic 
plaque. In injured arteries there are less intact cells 
and intimal smooth muscle cells are present from 
the original atherosclerotic plaque; there are differ- 
ent degrees of thrombus depending on the plaque 
make-up; and different cytokines and chemoattrac- 
tants. Therefore, smooth muscle cells in this postan- 
gioplasty environment probably act differently. Evi- 
dence suggests smooth muscle cells in an environ- 
ment similar to a balloon injured vessel produce less 
TIMP-1 and 60% more active gelatinase A without 
any stimulation.^"* In addition, these smooth muscle 
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cells will migrate and invade a basement membrane 
with platelet-derived growth factor added to the me- 
dium, whereas smooth muscle cells in an intact ves- 
sel environment will neither migrate nor invade 
without additional stimulation. 

The significance of these smooth muscle cells to 
platelet-derived growth factor is unclear. Platelet-de- 
rived growth factor is a potent mitogen and chemoat- 
tractant for smooth muscle cells. It is secreted from 
platelets, endothelium, smooth muscle cells, and 
macrophages,^®"'*^ and it seems to play a role in post- 
angioplasty restenosis. Evidence has shown that bal- 
loon catheter arterial injury in rats induces expres- 
sion of both platelet-derived growth factor and its 
receptor in the resulting neointimal lesion'^V In addi- 
tion, administration of an anti-platelet-derived 
growth factor antibody before and after balloon ar- 
tery injury reduces the thickness and cellular content 
of the neointima lesion by nearly 41%,**^ while infu- 
sion of platelet-derived growth factor for 7 days in- 
creases the intimal lesion 15 fold."*^ 

Interestingly, when an MMP inhibitor is added to 
the injury vessel environment where smooth muscle 
cells react to platelet-derived growth factor, invasion 
of the basement* membrane is inhibited but migration 
is not. Therefore, invasion of the basement mem- 
brane in the postangioplasty state seems to be MMP- 
dependent, but the migration of smooth muscle cells 
is not, even though both smooth muscle cell migra- 
tion and basement membrane invasion are triggered 
by platelet-derived growth factor in this environ- 
ment. 

In addition, one has to question if the migration 
of medial smooth muscle cells is absolutely neces- 
sary to form a restenotic plaque because intimal 
smooth muscle cells are already present from the 
original plaque. In vivo animal studies support this 
idea by showing that when an MMP inhibitor is 
given before and after balloon catheter injury for up 
to 14 days, the number of intimal smooth muscle 
cells was greatly reduced, but not completely obliter- 
ated.^* This reduction correlated to an initial reduc- 
tion in intimal thickening at 7 to 10 days. However, 
eventually it seems that the small number of smooth 
muscle cells that did cross the basement membrane 
were able to increase proliferation to compensate. At 
day 14, the intimal lesion had the same cell number 
and size as controls. Therefore, it is possible that the 
small number of intimal smooth muscle cells present 
after percutaneous transluminal coronary angio- 
plasty could also compensate by proliferating even 
if all migration of medial cells is inhibited. 

The role of plasminogen in MMP regulation has 
already been addressed and is now being studied 
in the context of restenosis. Both tPA and uPA are 



expressed in smooth muscle cells after arterial in- 
jury. Expression of U-PA in smooth muscle cells is 
detectable immediately after arterial balloon injury, 
and tPA is detectable at 3 days, around the time of 
smooth muscle cell migration."*^ In an attempt to link 
plasmin with smooth muscle cell migration, rats in- 
fused with a compound which inhibits plasmin pro- 
duction showed a significant reduction in the rate of 
smooth muscle cell migration in ballooned arter- 
ies. '*®'*- This migration could be secondary to either 
direct matrix degradation bv plasmin or bv activating 
MMPs. 

^ Another study has shown that treatment with a 
heparin fraction (low molecular weight and no anti- 
coagulant function) for 14 days after balloon injur}' 
in rats decreased fPa but not liPA. and resulted in a 
60% reduction in smooth muscle cell accumulation 
and intimal thickening.*® By inhibiting tPA, heparin 
may be inhibiting the activation of plasminogen that 
is required for activation of many latent MMPs, al- 
though it is not clear why uPA would not make up for 
the lost tPA function. Alternatively, heparin inhibits 
coUagenase at the level of transcription.*^ This evi- 
dence supports the idea that plasmin/plasminogen 
activators are important in restenosis, however, the 
molecular mechanism for these effects are unknown 
and may be unrelated to MMPs. More research needs 
to be performed examining this relationship between 
fPA and intimal smooth muscle cell accumulation. 

The role of tissue inhibitors of MMP in atheroscle- 
rosis has not been as well studied as MMPs. How- 
ever, it has been noted that TIMP-1 synthesis is 
greatly elevated in the neointima 8 weeks after endo- 
thelial removal in a rabbit aorta.^° This elevation is 
not well understood. It is probable that tissue inhibi- 
tors of MMP have functions other than inhibiting 
MMPs, and may contribute to the development of 
atherosclerosis. Hayakawa et aP^ demonstrated evi- 
dence that tissue inhibitors of MMP promote fibro- 
blast and endothelial cell proliferation. More re- 
search in this area is needed as well. 

Rupture of Coronary Atherosclerotic Plaques 

Rupture of coronary atheromas accounts for most 
acute myocardial infarctions. These rupture-prone 
areas (shoulder and core] generally contain accumu- 
lations of activated macrophage foam cells and T 
lymphocytes with few smooth muscle cells pres- 
ent."*^"^* These areas also contain reduced collagen 
and glycosamminoglycan concentrations. 

It is suggested that MMPs derived from macro- 
phages may digest the extracellular matrix in the fi- 
brous cap, leading to plaque rupture. In vitro studies 
have certainly shown that macrophages are able to 
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break down fibrous caps and this degradation is cor- 
related to the presence of MMP secretion.^^ In addi- 
tion, all three subgroups of the MMP family have 
been identified intracellularly in macrophages accu- 
mulated in rupture-prone areas of human atheroscle- 
rotic plaques.^® This intracellular location indicates 
active synthesis because MMPs are not stored. 

. Other studies have only been able to associate gela- 
tinase B with rupture-prone areas in vivo. When ath- 
erectomy specimens obtained from patients with un- 
stable angina were compared with specimens from 
patients with stable angina and normal internal 
mammary arteries, it was found that gelatinase B was 
present in 83% of the patients with unstable angina, 
25% of the patients with stable angina, and 0% in 
the normal internal mammary arteries. Again, gela- 
tinase B enzyme was found intracellularly in the 
macrophages. This study shows a strong association 
between the presence of gelatinase B in hiiman coro- 
nary atherosclerosis with the clinical syndrome of 
unstable angina. It is possible that only 83% of the 
unstable angina patients were positive because of 
sampling error inherent in atherectomy procedures 
and 25% of the stable angina patiisnts were positive 
because they were going to progress to unstable an- 
gina. 

It. is unclear at present which MMPs are involved 
in coronary plaque rupture and what activates their 
production. However, because activated macrophage 
foam cells and T lymphocytes are the dominant cells 
in vulnerable regions, the interaction between these 
two cells may be critical to the process of rupture! 
One study has demonstrated that T lymphocytes that 
express high levels of CD40 ligand 'gp39 can stimu- 
late human monocytes to produce gelatinase B.^^ Al- 
though macrophages and T lymphocytes are present 
all over plaques, their accumulation in vulnerable 
areas and the presence of few smooth muscle cells 
make these areas most prone to degradation. 

Other mechanisms of stimulating MMP produc- 
tion in these areas have been proposed as well. It 
seems that macrophage foam cells from atheroscle- 
rotic lesions secrete stromelysin and collagenase 
without any stimulation, whereas nonlipid laden 
macrophages do not.^® It is possible that the reactive 
, oxygen radicals and oxidized low-density lipopro- 
tein generated from these foam cells stimulate mac- 
rophage secretion of MMPs. Therefore, multiple 
mechanisms of how MMPs could produce rupture 
in prone areas of atherosclerotic plaques exist. It is 
probable that different combinations of these mecha- 
nisms contribute to each rupture event. 

POTENTIAL THERAPEUTIC INTERVENTIONS 

The potential for drug therapy to intervene in the 
actions of MMPs to treat cardiovascular disease is 
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Figure 1 : Schematic representation of the iontophoretic approach 
to local drug delivery. 



real. However, target specificity and selectivity will 
be of primary importance in developing new treat- 
ments in this area. As seen in Table I, MMPs are 
involved in tissue resorption and degradation all 
over the body. Thus, new drugs must act in specified 
local areas and avoid systemic effects. 

Novel ideas for the delivery of these potential treat- 
ments are being examined. Promising clinical appli- 
cations include temporary or permanent local deliv- 
ery devices within the vasculature to enhance 
bioavailability and target specificity.*" Some experi- 
ments have shown encouraging results with local 
drug delivery ca heters that use an iontophoretic 
mechanism to facilitate delivery. This device uses 
electrical currents to enhance the movement of 
charged molecules through tissue, and results in an 
even distribution of the drug without significant en- 
dothelial damage.^® To avoid distal ischemia, a reper- 
fusion lumen catheter is also used (Figure 1). 

Another mechanism for achieving high local con- 
centrations in a vessel uses a barophoretic ap- 
proach. This device uses a double-balloon catheter 
creating a minienvironment isolated from blood be- 
tween the balloons where therapeutic agents can be 
delivered (Figure 2). To avoid distal ischemia, this 
device also has an internal conduit for the continued 
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Fii;ure 2: Schematic representation of the barophoretic approach 
to local drug delivery. 
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flow of blood. Both of these systems offer a signifi- 
cant increase in specificity and transfer efficiency 
over systemic delivery or other local devices under 
investigation.^^ 

In addition to method of delivery, the other biggest 
obstacle is the therapeutic agent to be used. A num- 
ber of agents have been created to inhibit the synthe- 
sis, activation, and active sites of MMPs.®°~" For in- 
stance, N-aryl-pyrido-fused isothiazolones are non- 
peptidic small molecules that seem to inhibit 
activation of pro-MMPs by binding to Cys75 in the 
pro-region of the MM? zymogen. In turn, this bind- 
ing intereferes with the normal activation of these 
proteases (Figure 3). This inhibition has been docu- 
mented for MMP-3 and is assumed to inhibit the 
entire MMP family because they share a common 
activation mechanism. 

In considering the development of de novo athero- 
sclerotic lesions and their progression, MMPs seem 
to be most involved in this process by allowing the 
smooth muscle cells to migrate to the intima. Be- 
cause this is a slowly developing process that can 
continue over the course of a lifetime, an intravascu- 
lar device seems impractical in this situation. For 
the same reason, a generalized MMP inhibitor given 
over a systemically long term would probably have 
far too many toxic side effects to make it useful. In 
addition, it may prevent plaque reorganization and 
collateral vessels from forming because evidence 



would strongly suggest that MMPs are necessary in 
neoangiogenesis and plaque reorganization.'® " 

A better approach may be one that would block 
the specific stimulators in vessels that induce MMP 
transcription or activation during times of athero- 
sclerosis formation. As discussed in the STARS 
study, the association of an altered MMP gene with 
progression of cardiovascular disease only became 
significant when combined with high levels of seruiii 
low-density lipoprotein. Therefore, one potential 
way of preventing MMP induction in vessels is al- 
ready being used in clinical practice by lowering 
k)w-density lipoprotein cholesterol with diet and/or 
drug therapy. 

The problem of restenosis would theoretically be eas- 
ier to treat due to the acuteness of vessel injury and the 
isolated location to direct treatment. It is in this situation 
that an intravascular device may be ihost beneficial. 
However, the development of efficacious agents to be 
used in these devices has failed, mostly due to the pau- 
city of precise information concerning the mechanism 
of human restenosis. It is probable that development 
of restenosis utilizes several mechanisms, thus merely 
blocking one pathway vrith a drug may initiate compen- 
sation by a different pathway. 

Experiments discussed showed that inhibition of 
MMPs did not reduce long-term neointimal lesions.^'* 
Perhaps medial smooth muscle cell migration is not 
the correct target for therapeutics because human 



Figure 3: (A) absence of inhibitor, 
activation of the propeptide in- 
volves the dissociation of the cys- 
teine thiol from the zinc ion. which 
exposes the active site, allowing bi- 
molecular autolysis to occur. (B) 
isothiazolones react with the cys- 
teine thiol residue, forming a disul-, 
phide bond. This addiict can then 
act as a ligand for zinc, replacing 
the cysteine thiol and in turn in- 
terfering with the normal activa- 
tion of proMMP-3. Abbrev: APMA 
= 4-Qminophenylmercuric acid. 
From Ref 60, with permission. 
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atherosclerotic arteries undergoing percutaneous 
transluminal coronary angioplasty already possess 
intimal smooth muscle cells. It is possible that even 
with complete suppression of medial smooth muscle 
cell migration, intimal smooth muscle cells can com- 
pensate by replicating and producing the extracellu- 
lar matrix of a new lesion anyway. A better target 
may be the prevention of intimal smooth muscle cell 
proliferation and production of extracellular matrix. 
Potential investigations in the future may involve 
temporarily implanting a double-balloon baro-phoe- 
tic catheter with a drug to be delivered to the site of 
injury that would act on these intimal smooth muscle 
cells directly after percutaneous transluminal coro- 
nary angioplasty. 

Therapeutic intervention regarding plaque mpture 
is complicated by the sudden onset of thesg events 
with little warning. Once the plaque has ruptured, 
intervening with MMPs probably has no effect. 
Therefore, therapeutic intervention should be aimed 
at preventing what stimulates macrophage foam cells 
from synthesizing MMPs that may initiate rupture. 
Two areas could address th s problem, and preven- 
tion of plaque rupture may need to utilize both of 
them. One would involve the prevention of T lym- 
phocytes from activating macrophages to secrete 
MMPs. This has been done in vivo by giving an anti- 
gp39 antibody to prevent arthritis in mice. However, 
its long-term effects in humans are unknown. The 
second proposal would involve the other proposed 
trigger of MMP secretion by macrophages, oxidized 
low-density lipoprotein. Again, we are already rou- 
tinely lowering low-density lipoprotein in patients. 

These are only a few ideas for developing treat- 
ments to intervene in the role MMPs play in cardio- 
vascular disease. Further research will surely make 
this an important and useful target for pharmacother- 
apy. 

REFERENCES 



1. Mignatti P. Tsuboi R. Robbins E. Riflcin DB: In vitro angiogene- 
sis on the human amniotic membrane: requirement for basic fi- 
broblast growth factor induced proteinases. / Cell Biol 1989* 108- 
671-682. 

2. Schnaper HW, Grant DS. Stetier-Stevenson WG, Fridman R. 
D'Orazi G. Murphy AN. Bird RE. Hovthva M. Fuerst TR, French 
DL, Quigley JP. Kleinman HK: Type'lV collagenases and TIMPs 
modulate endothelial cell morphogenesis in vitro. J Cell Phvsiol 
1993;156:235-246. 

3. Murphy AN. Unsworth EJ. Sletler-Stevenson: Tissue inhibitor 
of metailoproteinase-2 inhibits FGF-induced human microvascu- 
lature endothelial cell proliferation. / Cell Phvsiol 1993:157'351- 
358. 

4. Van Wart HE. Birkedal-Hansen H: The cysteine switch: a prin- 
ciple of regulation of metallo-proteinase activity with potential 



applicability to the entire matrix metalloproteinase gene familv. 
Proc Natl Acad Sci USA 1990:87:5578-5582. 

5. Birkedal-Hansen H. Moore WG. Hodden MK. Windsor LJ. 
Birkedal-Hansen B, DeCarlo A. Egler JA: Matrix metalloproteinase. 
A review. Crit Bev Oral Bio Med 1993:4:197-250. 

6. Docherty AJP. Murphy G: The tissue metalloproteinase family 
and the inhibitor TIMP: a study using DNAs and recombinant 
proteins. Ann Rheum Dis 1990:49:469-479. 

7. Matrisian LM: Matrix metalloproteinases and their inhibitors 
in connective tissue remodeling. FASEB J 1991:6:121-125. 

8. Unemori EN. Hibbs MS, Amento EP: Constitutive expression 
of a 92-KD gelatinase by rheumatoid synovial fibroblasts and its 
induction in normal human fibroblasts by inflammatorv cvto- 
kines. / Clin Invest 1991:88:1656-1662. 

9. Galis ZS, Muszynski M. Sukhova GK, Simon-Morrissey E, Un- 
emori EN, Lark MW, Amento E. Libby P: Cytokine-stimulated 
human vascular smooth muscle cells synthesize a complement 
of enzymes required for extracellular matrix digestion. Circ Res 
1994;75:181-189. 

10. Nagase H, Enghild JJ, Suzuki K, Salvesen G: Stepwise activa- 
tion mechanisms of the precursor of matrix metalloproteinase- 
3 by proteinases and raurcuric acetate. Biochem 1990:29:5783- 
5789. 

11. Murphy G. Willenbrock F, Crabbe T. O'Shea M. Ward R. At- 
kinson S. d'Connell J» Docherty A: Regulation of matrix metallo- 
proteinase activity. Ann NY Acad Sci 1994:732:31-41. 

12. Meyer BJ. Fernandez Ortiz A. Mailhac A, Falk E; Badimon L. 
Michael AD. Chesebro JH. Fuster V, Badimon JJ: Local delivery 
of r-hirudin by a double balloon perfusion catheter prevents mural 
thrombosis and minimizes platelet deposition after angioplastv. 
Circulation 1994:90:2474-2480. 

13. Dollery CM. McEwan JR. Henney AM: Matrix metalloprotein- 
ases and cardiovascular disease. Circ Res 1995:77:863-868. 

14. Okada Y, Morodomi T, Enghild JJ. Suzuki K. Yasui A. Nakani- 
shi L Salvesen G. Nagase H: Matrix metalIo-proteinase-2 from 
human rheumatoid synovial fibroblasts. Purification and activa- 
tion of the precursor and enzvmatic properties. Eur / Biochem 
1990:194:721-730. 

15. Crabbe T, loannou C, Docherty AJP: Human progelatinase A 
can be activated by autolysis at a rate that is concentration depen- 
dent and enhanced by heparin bound to the C-lerminal domain. 
Eur f Biochem 1993:218:431-438. 

16. Murphy G. Willenbrock F, Ward RV. Cockett ML Eaton D. 
Docherty AJP: The C-lerminal domain of 72 kDa gelatinase A is 
not required for catalysis, but is essential for membrane activation 
and modulates interactions with tissue inhibitors of metallopro- 
teinases. Biochem J 1992:283:637-641. 

17. Overall CM. Sodek J: Concanavalin A produces a matrix-de- 
grative phenotype in human fibro-blasts. Induction and endoge- : 
nous activation of collagenases. 72 Kd gelatinases and PUMP-1 
is accomplished by suppression of the tissue inhibitor of matrix 
metalloproteinases. / Bio/ Chem 1990:265:21141-21151. 

18. Willenbrock FT, Crabbe TM. Slocombe PM. Sutton CW. Doch- 
erty JP. Cockett MI. O'Shea M. Brocklehurst K. Phillips IR.' Murphy 
G: The activity of the tissue inhibitors of metalloproteinases is 
regulated by C-lerminal domain interactions: A kinetic analvsis 
of the inhibition of gelatinase A. Biochem 1993:32:4330-4337. 

19. Yang TT. Hawkes SP: Role of the 21-kDa protein TIMP-3 in 
oncogenic transformation of cultured chicken embryo fibroblasts. 
Proc Natl Acad Sci USA 1992:89:10676-10680. 

20. Lee E. Vaughan DE. Parikh SH. Grodzinsky AJ. Libby P. Lark 
MW. Lee RT: Regulation of matrix metalloproteinases and plas- 
minogen activator inhibitor-1 synthesis by plasminogen in cul- 



998 • JClin Pharmacoll997;37:991-1000 



MATRIX METAUOPROTEINASES AND ARTERY DISEASE 



tured human vascular smooth muscle cell. Circ Res 1996-78'44- 
49. 

21. Malik N. Greenfield BW. Wahl AF. Klener PA: Activation of 
human monocytes through CD40 induces matrix metalloprotein- 
ases. / Immunol 1996: 156:3952-3960. 

22. Lambert CA. Soudant EP, Nusgens BV, Lapiere CM: Pretrans- 
lational regulation of extra-cellular matrix macromolecules and 
collagenase expression in fibroblasts bv mechanical forces. Lab 
/ni'esM992:66:444-451. 

23. Ross R: The pathogenesis of atherosclerosis. A prospective 
for the 1990s. Nature 1993:362:801. 

24. Pauiy RR, Passaniti A. Bilato C. Monticone R. Cheng L. Papa- 
dopoulos N. Gluzband YA, Smith L, Weinstein C. Lakatta EG. 
Crow MT: Migration of cultured vascular smooth muscle cells 
through a basement membrane barrier requires tvpe IV collagenase 
activity and is inhibited by cellular differentiation. Circ Res 
1994:75:41-54. 

25. Ye S, Watts GF. Mandalia S, Humphries SE, Hennev AM: 
Preliminary report: genetic variation in the human strom'elysin 
promoter is associated with progression of coronary atherosclero- 
sis. Br Heart J 1995: 73:209-215. 

26. Sandy JD. Boynton RE. Flannery CR: Analysis of the catabo- 
hsm of aggrecan in cartilage explants by quantitation of peptides 
from the three globulin domains. / Biol Chem 1991:266:8198- 
8205. 

27. Fosang AJ, Neame PJ. Last K. Hardingham TE. Murphv G. 
Hamilton JA: The interglobulin domain of cartilage aggrecan is 
cleaved by PUMP, gelatinases and cathepsin B. / Biol Chem 
1992:267:19470-19474. 

28. Chin JR, Murphy G. Werb Z: Stromelysin. a connective tissue- 
degrading metalloendopeptidase secreted bv stimulated rabbit sy- 
novial fibroblasts in parallel with collag'enases. / Biol Chem 
1992;260:12367-12376. 

29. Ogata Y. Enghild JJ. Nagase H: Matrix metalloproteinase-3 
(stromelysin) activates the precursor for the human matrix metal- 
loproteinase-9. / Bio/ Chem 1992:267:3581-3584. 

30. Little WC. Constantinescu M. Applegate RJ, Kutcher MA, Bur- 
rows MT. Kahl FR. Santamore WP: Can coronary angiography 
predict the site of a subsequent myocardial infarction in patient's 
with mild to moderate coronarv arterv disease? Circulation 
1988:78:1157-1166. 

31. Fuster V. Falk E. Fallon JT, Badimon L, Chesebro JH. Badimon 
JJ: The three processes leading to post percutaneous transluminal 
coronary angiography restenosis: dependence on the lesion sub- 
strate. Thromb Haemost 1995:74:552-559. 

32. Hanet C. VVijns W, Michel X. Schroeder E: Influence of balloon 
size and stenosis morphology on immediate and delayed elastic 
recoil after percutaneous transluminal coronarv angiolastv. J Am 
Co/y Corrf/o/ 1991:18:506-511. 

33. Hjemdhal-Monsen CE. Ambrose JA. Borrico S, Cohen M. Sher- 
man W. Alexopoulos D. Gorlin R. Fuster V: Angiographic patterns 
of balloon inflation during percutaneous transluminal coronarv 
angioplasty: Role of pressure-diameter curves in studving disten- 
sibilily and elasticity of the stenotic lesion and the mechanism of 
dilation../ Am Coll Cardiol 1990:16:569-575. 

34. Fernandez Ortiz A. Badimon JJ. Falk E, Fuster V, Mever B 
Mailhac A. Weng D. Shah PK. Badimon L: Characterization of the 
relative thrombogenicity of atherosclerotic plaque components: 
implications for consequences of plaque rupture. / Am Coll 
Cardiol 1994:23:1562-1569. 

35. Clowes AW. Reidy MA. Clowes MM: Kinetics of cellular pro- 
liferation after arterial injury. I: smooth muscle growth in the 
absence of endothelium. Lab Invest 1983:49:327-333. 



36. Jackson CL. Raines EAV. Ross R, Reidy MA: Role of endoge- 
nous platelet-derived growth factor in arterial smooth muscle cell 
migration after balloon catheter injur\'. Arterio Thromb 1993: 
13:1218-1226. 

37. Bendeck MP. Zempo N. Clowes AW. Galardy RE. Reidy MA: 
Smooth muscle cell migration and matrix metalloproteinases ex- 
pression after arterial injur\' in the rat. Circ Res 1994:75:539-545. 

38. Ross R, Raines EW, Bowen-Pepe DR: The biology of platelet- 
derived growth factor (review). Cell 1986:46:155. 

39. Heldin CH. Westermark B: Platelet-derived growth factor: 
mechanism of action and possible in \ivo function. Cell Re" 
1990:1:555-566. 

40. Reidy MA, Bendeck MP; The development of arterial lesions: 
a process controlled by multiple factors. In. Goldhaver SZ (ed): 
Coronary Restenosis, From Genetics to Therapeutics. New York: 
Marcel Dekker Inc.: 1997:55-67. 

41. Majesky MW. Reidy MA. Bowen-Pope DP. Hart CE. Wilcox 
JN, Schwartz SM: PDGF ligand and receptor gene expression dur- 
ing repair of arterial injury. / Cell Biol 1990:111:2149-2158. 

42. Ferns GAA. Raines EW, Sprugal KH. Motani AS. Reidv MA. 
Ross R: Inhibition of neointimal smooth muscle accumulation 
after angioplasty by an antibodv to PDGF. Science 1991:253:1129- 
1132. 

43. Jawien A. Bowen-Pope DF. Lindner V. Schwartz SM. Clowes 
AW: Platelet-derived growth factor promotes smooth muscle mi- 
gration and intimal thickening in a rat model of balloon angio- 
plasty. J Clin Invest 1992:89:507-511. 

44. Bendeck MP. Irvin C. Reidy MA: Inhibition of matrix metallo- 
proteinase activity inhibits smooth muscle cell migration but not 
neointimal thickening after arterial injurv. Circ Res 1996: 78:38- 
43. 

45. Clowes AW. Clowes MM. Au YPT, Reidy MA, Belin D: 
Smooth muscle cells express urokinase during mitogenesis and 
tissue-type plasminogen activator during migration in injured rat 
carotid artery. Circ Res 1990:67:61-67. 

46. Verstraete M: Clinical application of inhibitors of fibrinolvsis. 
Drugs 1985:29:236-261. 

47. Takada A, Takada Y: Inhibition by transexamic acid of the 
conversion of single-chain tissue plasminogen activator to its two 
chain form by plasmin: the presence on tissue plasminogen activa- 
tor of a site to bind with lysine binding sites of plasmin. Thromb 
Res 1989:55:717-725. 

48. Clowes AW. Clowes MM, Kirkman TR, Jackson CL. Au YPT. 
Kenagy R: Heparin inhibits the expression of tissue-type plasmin- 
ogen activator by smooth muscle cells in injured rat carotid arterv. 
Circ Res 1992:70:1128-1136. 

49. Au YPT, Clowes AW: Effects of heparin on interstitial colla- 
genase and tissue plasminogen activator expression (abst). / Cell 
Biol 1990:111:234. 

50. Wang H. Moore S, Alavi MZ: Synthesis of tissue inhibitor of 
metalloproteinase-l (TIMP) in rabbit aortic neointima after selec- 
tive de-endothelialization. Atherosclerosis 1996:126:95-104. 

51. Hayakawa T. Yamashita K, Tunyawa K. Uchijima E. Iwata K: 
Growth promoting activity of tissue' inhibitor of metalloprotein- 
ases-1 (TIMP-1) for a wide range of cells. A possible new growth 
factor in serum. FEBS Lett 1992:298:29-32. 

52. Richardson PD. Davies MJ. Born GVR: Influence of plaque 
configuration and stress distribution on Assuring of coronarv ath- 
erosclerotic plaques. Lancet 1989:2:941-944. 

53. Cheng GC, Loree HM. Kamm RD. Fishbein MC. Lee RT: Distri- 
bution of circumferential stress in ruptured and stable atheroscle- 
rotic lesions: a structural analvsis with histopathologic correla- 
tion. Circulation 1993:87:1179-1187. 



THERAPEUTIC REVIEW 



999 



CELENTANO AND FHISHMAN 



54. Schroeder AP. Falk E: Pathophysioiogv and inflammatorv as- 
pects of plaque. rupture. Cardiol Clinics 1996: 14:211-220. 

55. Shah PK. Falk E, Badimon JJ, Fernandez Ortiz A, Mailhac 
A. Villareal-Levv G. Fallon JT, Regnstrom J. Fuster V: Human 
monocvte-derived macrophages induce collagen breakdown in 
.fibrous caps of atherosclerotic plaques. Circulation 1995:95-1565- 
1569. 

56. Galis ZS. Sukhova GK. Lark MW. Libbv P: Increased expres- 
sion of matrix metal Joprotineases and mtrix degrading activity in 
.vulnerable regions of human atherosclerotic plaques. /C/Zn Invest 
1994;94:2493-2503. km/ 

57. Brown DL, Hibbs MS. Kearney M, Loushin C, Isner JM: Identi- 
fication, of 92 KD gelatinase in human coronarv atherosclerotic 
lesions, association of active enzvme synthesis \vith unstable an- 
gina. Circulation 1995:91:2125-2131. ' 

5Q. Galis ZS. Sukhova GK. Kranzhofer R. Clark S, Libbv P: Macro- 
phage foam cells from experimental atheroma constitutiveiv pro- 
duce matrix-degrading proteinases. Proc Nat! Acad Sci USA 
1995;92:402-406. 



59. Fernandez Ortiz A. Mever B], Mailhac A. Falk E. Badimon L. 
Fallon JT. Fuster V. Chesebro JH. Badimon JJ: A new approach 
for local intravascular drug deliver\': iontophoretic balloon. Circu- 
latipn 1994:89:1518-1522. 

60. Amer EC. Pratta MA. Freimark B, Lischwe M. Trzakos JM, 
Magolda RL Wright SW: Isothiazolones interfere with normal ma- 
trix metalloproteinase activation and inhibit cartilage proteogly- 
can degradation. Biochem J 1996:318:417-424. 

61. Van Wart HE. Schwartz MA: Synthetic inhibitors of bacterial 
and mammalian interstitial collagenases. Prog Med Chem 
1992:29:271-334. 

62. Chandrasekhar S. Harvey AK, Dell CP. Ambler SJ. Smith CW: 
Identification of a novel chemical series that blocks interleukin- 
1-stimulated metalloproteinase activity in chondrocvtes. / Phar- 
macol Exp 1995: 273:1519-1528. 

63. Zucker S. Conner C, DiMassmo BI, Ende H. Drews M. Seiki 
M, Bahou WF: Thrombin induces the activation of progelatinase 
A in vascular endothelial cells, physiologic regulation of angio- 
genesis. / B/o/ Chem 1995:40:23730-23738. 



ERRATUM 

In the article ^'Dependency of Cortisol Suppression on the Administration Time 

foo7^l fn^^^ ^^'"^ Meibohm et al (/ Clin Pharmacol 

1997;37:704~710), equation (6), which appeared on page 706, was printed 
incorrectly. The correct equation appears as follows: 

J Eso + C, 
CCS = — ■■ J2 _ ff.. 
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Metalloproteinase Inhibition Reduces Thrombolytic (Tissue 
Plasminogen Activator)-Induced Hemorrhage After 

Thromboembolic Stroke 

Paul A. Lapchak, PhD; Deborah F. Chapman, MSc; Justin A. Zivin, MD, PhD 

Background and Purpose — potentially dangerous side effect associated with tissue plasminogen activator (tPA) use is 
cerebral hemorrhage. We have focused on developing drugs that could be administered with tPA to reduce the rate of 
hemorrhage. Since recent studies suggest that various matrix metalloproteinases (MMPs) are important in tumor 
necrosis factor-a production and membrane and vessel remodeling after ischemia, we investigated whether MMP 
inhibition affected the rate of hemorrhage and infarct production in the absence or presence of tPA treatment. 

Methods — ^We occluded the middle cerebral artery of New Zealand White rabbits with radiolabeled blood clots. Five 
minutes after embolization, we administered either the MMP inhibitor BB-94 (30 mg/kg SC) or its vehicle. Additional 
groups received BB-94 or vehicle in combination with tPA, administered 60 minutes, after embolization (3.3 mg/kg 
tPA). After 48 hours, the rabbits were killed and brains were removed, immersion fixed for 1 week in 4% 
paraformaldehyde, and then cut into 5-mm coronal sections that were examined for the presence of hemorrhage, infarcts, 
and recanalization. 

Results — Hemorrhage after embolic stroke was detected in 24% of the control group. tPA induced macroscopically visible 
hemorrhage in 77% of the tPA-treated group. The rabbits treated with BB-94 had an 18% incidence of hemorrhage 
(P>0.05 compared with control). However, when the combination of BB-94 and tPA was administered to rabbits, there 
was only a 41% incidence of hemonrhage (compared with 77% in the tPA group; P<0.05). Both tPA and BB-94/tPA 
were similarly effective at lysing clots, at 49% and 35% (P<0.05), respectively, compared with the 5% rate of lysis in 
the control group. There was a trend for a reduction in the number of infarcts, but it did not reach statistical significance. 

Conclusions — Our data suggest that MMP inhibition attenuates mechanisms involved in tPA-induced hemorrhage. This 
novel form of combination therapy may show promise as a treatment strategy for acute stroke. (Stroke, 2000;31:3034- 
3040.) 

Key Words: cytokines ■ intracerebral hemorrhage ■ ischemia ■ matrix metalloproteinases ■ membranes 
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Thrombolysis is now gaining increasing acceptance for 
acute stroke management; however, only a small subset 
of potentially eligible patients are being treated with tissue 
plasminogen activator (tPA).*-^ Overall, tPA is quite benefi- 
cial, even though there is a small window of opportunity for 
treatment and a potentially dangerous side effect of hemor- 
rhages.2.4 -6 ^ series of trials have shown that thrombolytics 
alone have limited efficacy,' suggesting that additional treat- 
ment strategies are needed. Nevertheless, the finding that at 
least one acute therapy is effective in reducing neurological 
damage was an important proof of concept. Even though tPA 
is efficacious, there is one major shortcoming to the dmg. tPA 
significantly increases the intracerebral hemorrhage (ICH) 
rate in patients approximately 10 times greater than that 
observed in placebo-treated controls, and half of the patients 
who develop symptomatic tPA-related ICH die.^ Because of 



See Editorial Comment, page 3039 

this serious side effect, emphasis should be placed on con- 
tinuing to develop new pharmaceuticals that can be used in 
combination with tPA^.* to make tPA a safer stroke therapy. 

Recently, a few research groups have focused on the role of 
matrix metalloproteinases (MMPs) and non-MMPs in the 
processing of tumor necrosis factor-a (TNF-a)^ " and in 
cerebral ischemia, edema, aneurysms, and hemorrhage. 3. 
When the multiple roles of MMPs in the central nervous 
system (CNS) are considered, it is apparent that they may be 
involved in both membrane remodeling and the production of 
cytokines that may be deleterious to neuronal function and 
vasculature after a stroke. Phamfiacological intervention at the 
level of MMPs may minimize stroke-induced tissue damage 
and reduce hemorrhage. Thus, we studied whether pharma- 
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Figure 1. Representative brain sections 
containing the various types of hemor- 
rhage observed In brain after thromboem- 
bolic strokes and thrombolytic treatment. 
Top left, HI at the level of the septum and 
caudate putamen. Top right, ICH and HI in 
the putamen, globus pallidus, and thala- 
mus. Bottom left. ICH In the thalamus. 
Bottom right, PH in the hippocampus. 



cological inhibition of MMPs, with the use of a relatively 
nonspecific inhibitor, altered hemorrhage rate or conferred 
neuroprotection in embolized rabbits in the presence or 
absence of tPA administration. 

Materials and Methods 

The method we used has been described in detail. Male New 
Zealand White rabbits weighing 2 to 3 kg were anesthetized with 
halothane (5% in 3 L/min at induction, 3% in 3 L/min as a 
maintenance dose). The right internal carotid artery was exposed, 
and the external carotid artery and the common carotid artery were 
ligated. If any other branches were seen originating from the internal 
carotid artery, these were also ligated. A plastic catheter oriented 
toward the brain was inserted into the common carotid and secured 
with ligatures. The incision was closed around the catheter so that the 
distal end was accessible outside. The catheter was filled with 2 mL 
of heparinized saline (33 U/mL) and plugged with injection caps. 
The animals were allowed to recover from anesthesia for at least 2 
hours before embolization. 

Emboli were prepared by withdrawing 1 to 2 mL of arterial blood 
from a donor rabbit. The blood was mixed with a trace quantity of 
^^Co-labeled plastic microspheres (25 tim in diameter) and allowed 
to clot for 3 hours at room temperature. The clot was sliced with a 
razor blade into small cubes weighing approximately 3 to 4 mg. The 
cubes were suspended in phosphate-buffered saline containing 0.1% 
bovine serum albumin. The amount of radiolabel present in each 
cube was measured with a garmna counter. Just before the emboli- 
zation, each animal was restrained, and the injection cap of the 
catheter was removed to allow the rabbit's blood to fill the catheter 
and wash out the heparinized saline. The line was then filled with 
heparin-free normal saline. One of the clot cubes was placed inside 
the injection port of the catheter and rapidly injected with 3 mL of 
saline flush, followed immediately by a second 3-mL flush. Care was 
taken during both flushes to ensure that no air bubbles were present 
in the catheter or syringe. If the animal did not react behaviorally 
(nystagmus, hemiparesis, seizure) to the embolization, another blood 
clot was injected in the same way 3 minutes after the first emboli- 
zation. If there was no behavioral reaction to either embolization, no 
further blood clots were administered. After the embolization pro- 



cess was completed, the catheter was ligated close to the neck, and 
the rest of the catheter and injection port were cut off. 

Animals that died before they were killed were included in this 
study; the brains were fixed and sectioned as below. The surviving 
animals were killed 48 hours after embolization. The brains were 
removed and immersion fixed in 4% paraformaldehyde for at least I 
week and then examined by a blinded observer. The right middle 
cerebral artery of each brain was examined for the presence of 
emboli. The surface blood vessels were then stripped from the right 
hemisphere of each brain and reserved. The cerebellum was also 
removed from the brain and reserved. The remainder of the brain was 
cut into six 5-nmi-thick coronal slices, each having 2 faces. We noted 
the presence, location, size, and type of each hemorrhage and infarct. 
We recorded the size of hemorrhage as the number of section faces 
showing hemorrhage.'^-'* Infarction was grossly visible as pale, 
softer tissue surrounded by pink, normal brain tissue on the brain 
sections. Three major types of hemorrhage were identified according 
to the grading system we used in previous experiments. Hemorrhagic 
infarction (HI) was grossly visible as red speckling of an area, 
usually surrounded by soft infarcted tissue. Punctate hemorrhage 
(PH) was characterized by isolated small red marks within the tissue 
that did not extend through the tissue as a blood vessel would. 
Parenchymatous ICH was characterized by a large homogeneous 
mass of blood within the tissue. Examples of each type of hemor- 
rhage are represented in Figure 1. After evaluation for hemorrhage 
and infarcts, the total radioactivity in the brains was measured by 
placing the slices into a gamma counter. The surface vessels from the 
right hemisphere were placed in a separate container. The cerebellum 
and each hemisphere were then counted in separate tubes. The 
amount of radiolabel present in the brain (including the right 
hemisphere vessels) was compared with that contained in the labeled 
blood clot at embolization. If < 10% of the counts were found in the 
brain and vessels, it was assumed that the labeled blood clot had not 
reached the brain.'*" The data from these animals were excluded 
from further analysis. Thrombolysis was defined in 2 ways, by 
recovery of radioactive label and visual inspection. Any brains 
containing <20% of the total recovered radioactivity in the surface 
vessels of the right hemisphere were said to have undergone 
thrombolysis of the embolus. Then, postmortem, we recorded 
whether a clot was visible in the middle cerebral artery. This 
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observation correlated with the recovery of radioactivity in our prior 
study.'*''«-2o 

Drug Administration 

We randomly allocated animals to 4 different treatment groups 
before the embolization procedure. Sample size was based on power 
analysis, with a=0.05 and )3=0.90, a coefficient of variation of 
15%, and a difference between means of 20%. It was determined that 
a sample size of 12 to 14 animals per group was required. However, 
our previous experience with this stroke model indicates that we 
actually need an average of 20 animals, including premature losses 
caused by various preparation difficulties or deaths after emboliza- 
tion before treatment can be fiilly administered. The treatments were 
as follows: tPA (n=60), BB-94 plus tPA (n=26), vehicle (n=28), 
and BB-94 (n= 17). In 2 groups of rabbits, BB-94 or its vehicle was 
administered subcutaneously 5 minutes after embolization. A fine 
suspension of BB-94 was fi-eshly prepared in the following vehicle: 
0.9% normal saline containing 0.1% PF68 and 0.5% carboxymeth- 
ylcellulose. BB-94 was administered at a dose of 30 mg/kg on the 
basis of the recommendation of Dr Helen Mills of British Biotech 
(Oxford, UK). The recommendation was based on the pharmacoki- 
netic profile of BB-94 after peripheral injection. In the remaining 2 
groups of rabbits, we then administered tPA or vehicle 1 hour after 
embolization. The tPA regimen used in this study was as follows: 3.3 
mg/kg tPA, 20% as a bolus injection given over 1 minute, followed 
by the remainder infused over 30 minutes. Genentech, Inc (South 
San Francisco, Calif) supplied tPA and its vehicle. tPA was supplied 
. as a lyophilized cake in 50-mg configurations, containing 50 mg tPA 
(29 million lU), 1.7 mg L-arginine, 0.5 g phosphoric acid, and <4 
mg polysorbate 80. The tPA was reconstituted with sterile water for 
injection, at a concentration of 1 mg/mL. We analyzed the data with 
the )^ test corrected for multiple comparisons, using the Bonferroni 
technique and ANOVA when relevant. 

Results 

Stroke Success Rate 

Of 13 1 embolized rabbits included in the study, we found that 
84 rabbits (64%) had >10% recovered radioactivity in the 
brain postmortem. The behavioral manifestations of emboli- 
zation included nystagmus, pupillary dilation, hemiparesis, or 
brief, uncoordinated jerking movements. There was a positive 
correlation between the appearance of abnormal behaviors 
after embolization, the presence of *'Co in brain resulting 
from the administered clot, and tissue damage. Even though 
we monitored the behavioral reaction to the embolus, the 
strict exclusion criteria were based on the presence of label in 
brain. The remaining 36% of the rabbits had :S10% of the 
label present in the brain postmortem, indicating that the 
injected blood clot did not reach the brain. The breakdown of 
the 47 rabbits excluded from the study is as follows: vehicle 
(n=7 of 28; 25%), tPA (n=25 of 60; 41%), BB-94 (n=6 of 
17; 35%), and tPA/BB-94 (n=9 of 26; 35%). The rabbits that 
did not reach the criteria were excluded from the study, and 
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Figure 2, Effect of tPA and BB-94 on hemorrhage rate in embo- 
lized rabbits. Hemorrhage rate (percentage) was quantified by 
counting the number of macroscopically visible hemorrhages in 
coronal brain sections. tPA administration significantly increased 
hemorrhage rate compared with either control or BB-94 -treated 
rabbits (P<0.001). In rabbits treated with the combination pf 
BB-94 and tPA, there was a significantly lower rate of hemor- 
rhage (P<0.05). Results In the BB-94 group were not signifi- 
cantly different from those In the control group (P>0.05). 

the data were not used in the final analysis. This success rate 
corresponds well with other studies involving this model. '^-^^ 

Types of Hemorrhage After Thromboembolic Stroke 
Figure 1 shows 4 coronal brain sections from rabbits after 
thromboembolic strokes. The top left panel shows an HI in 
the section at the level of the septum and caudate putamen. 
The top right panel shows an ICH and an HI in the putamen, 
globus pallidus, and thalamus. The bottom left panel shows 
an ICH in the thalamus, and the bottom right panel shows a 
PH in the hippocampus. 

Hemorhage Rate 

Figure 2 shows the hemorrhage rate for the 4 groups of 
rabbits included in this study. The percentages of rabbits with 
brain hemorrhages in the 4 groups were as follows: 24% in 
the tP A/vehicle-treated group (n=21), 77% in the tPA-treated 
group (n=35), 18% in the BB-94-U-eated rabbite (n= 11), and 
41% in those treated with the combination of BB-94 and tPA 
(n=l7). Overall, there was a statistically significant differ- 
ence in hemorrhage rates (Table). tPA caused significantly 
more hemorrhages than in the tP A/vehicle control group 
(P<0.01). There was also a significant difference in hemor- 
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Figure 3. Effect of tPA and BB-94 on hemonliage volume in 
embolized rabbits. Hemorrhage volume was quantified by 
counting the number of faces that show macroscopically visible 
hemorrhages in coronal brain sections. There were no signifi- 
cant differences among the 4 groups (P>0.05). 

rhage rate between the BB-94/tPA and tPA groups (P<0.05). 
The drug combination significantly attenuated the rate of 
hemorrhage production. The hemorrhage rate after a single 
bolus dose of BB-94 was also statistically different from that 
of the tPA-treated group (P<0.05). 

Hemorrhage Volume 

The number of faces showing hemorrhage, a qualitative 
measure of hemorrhage volume, is illustrated in Figure 3. 
Because 5 brain slices were cut for each rabbit, the maximum 
number of faces observed was 10. There were no statistically 
significant differences among the 4 treatment groups. Of the 
tPA-treated rabbits, there were 3.1 ±0.4 and 4.3 ±1.1 faces 
per hemorrhage for the tPA-treated group and BB-94/tPA- 
treated groups, respectively. In the tPA-control group, there 
was an average of 2.2 ±0.7 faces involved in each hemor- 
rhage, whereas in the BB-94 -treated group, there was an 
average of 3.5 ±1.5 faces per hemorrhage. By ANOVA, there 
was no statistical difference between the hemorrhage sizes in 
any of the treatment or control groups (P>0.05). A more 
detailed analysis of hemorrhage volume using more accurate 
quantitative methods is required. 

Types of Hemorrhage 

The Table shows the types of hemorrhage present in each of 
the experimental groups. Most of the hemorrhages seen were 
HI, but ICH and PH were also present in each of the groups. 
Some of the animals had > 1 type of hemorrhage present in 
the brain. For quantitative purposes, we treated each individ- 
ual hemorrhage observed as a separate entity. Hemorrhages 
occurred throughout the brain and included the following 
structures: caudate putamen; thalamus; hippocampus; frontal, 
parietal, and occipital cortex; hypothalamus; suprachiasmatic 
area; cerebellum; pons; and midbrain. There were no apparent 
differences among the groups in the distribution of types or 
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locations of hemorrhages. In the tPA-treated group, BB-94 
decreased the number of HI, PH, and ICH. 

Thrombolysis Rate 

The main purpose of this series of experiments was to 
determine the efficiency or efficacy of tPA when a second 
pharmacological agent was administered. The results are 
shown in Figure 4. We estimated thrombolytic efficacy by 
calculating the percentage of animals in each treatment group 
that had <20% of the total recovered radiolabel in the surface 
vessels of the right hemisphere of the brain at postmortem. 
Thrombolysis was found in 49% of the tPA-treated rabbits 
(Figure 4), 5% of the tPA/control- treated rabbits, and 35% of 
the combination drug-treated rabbits. There was no measur- 
able thrombolysis in the BB-94 -treated group. There was no 
significant difference in thrombolysis rate between the tPA 
and BB-94/tPA groups. However, there were significant 
differences when comparisons were made between either the 
tPA or BB-94/tPA groups and the tPA-vehicle control group. 
There were also significant differences when comparisons 
were made between either the tPA or BB-94/tPA groups and 
the BB-94 control group. 

Infarct Rate and Volume 

In a subset of 2 of the experimental groups used in this study 
(tPA and BB-94/tPA groups), we determined whether MMP 
inhibition affected infarct rate and volmne (the number of 
brain slice faces with infarcts) observed in brain after a 
stroke. In the tPA group, infarcts were found in 94% of 
treated rabbits (15/16). In the BB-94/tPA group, 65% of the 
rabbits (11/17) had infarcts. Although there was a trend for 
BB-94 -induced attenuation of infarct rate, the values were 
not significantly different (P>0.05). In the tPA-treated group 




Control tPA BB-94 BB-94/tPA 



Treatment Groups 

Figure 4. Effect of tPA and BB-94 on thrombolytic activity, 
shown as percent lysis in embolized rabbits. We estimated 
thrombolytic activity by calculating the percentage of rabbits in 
each treatment group that had <20% of the total recovered 
radiolabel in the surface vessels of the right hemisphere. There 
was no significant difference in thrombolysis rate between the 
tPA and BB-94/tPA groups. Both groups were significantly dif- 
ferent from control and from the BB-94 -treated group. 
(•"P<0.001. •P<0.05 compared with control). 
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there was an average of 3.2±0.6 faces involved in each 

infarct, whereas in the BB-94/tPA group there was an average 
of 5.1 ±0.8 faces per infarct. There was no statistical differ- 
ence between infarct volumes measured in the 2 groups 
(P= 0.073). A more detailed quantitative assessment of in- 
farct volumes would conclusively determine whether BB-94 
affects infarct volumes. 

Discussion 

In the present study we found that the MMP inhibitor BB-94 
effectively attenuated the rate of tPA-induced hemorrhage. 
However, BB-94 did not significantly alter the hemorrhage 
rate in the absence of tPA administration. In our model the 
most common type of hemorrfiage observed is HI, the 
remainder being ICH and PH. HI is the most predominant 
type of hemorrhage in stroke patients, with primary ICH (8% 
to 15%) constituting most of the remainder."-^^ Thus, the 
thromboembolic model allows for representation of the types 
of hemorrhage observed in humans. 

The observation that BB-94 inhibited the tPA-induced 
hemorrhage rate, but not the hemorrhage rate observed in 
controls, may be due to the low incidence of hemorrhage after 
a thromboembolic stroke in the absence of tPA. In only 
approximately 25% of the embolized rabbits do we observe 
hemorrhage. Thus, a treatment group in the range of 1 5 to 20 
rabbits is too small to confidently conclude that BB-94 alone 
affected hemorrhage rate. However, since BB-94 reduced 
tPA-induced hemorrhage, our results suggest that BB-94 
effectively inhibits CNS MMP activity after subcutaneous 
injection. However, BB-94 did not appear to affect hemor- 
rhage volumes measured by the qualitative slice method 
described in this study. It is possible that a more accurate 
assessment of hemorrhage volumes could be determined by 
quantitative methods. Because the thrombolysis rate was not 
significantly different between the tPA-treated and BB-94/ 
tPA-treated groups, it appears that the reduction of hemor- 
rhage rate was not associated with inhibition of tPA activity 
in vivo. Our results showing that BB-94 reduced the hemor- 
rhage rate are consistent with previous studies which sug- 
gested that MMPs may be important in blood-brain barrier 
and vasculature function and extracellular matrix remodeling 
after a stroke.^^'^a yqx example, Romanic et aF' used a 
permanent middle cerebral artery occlusion model in the rat 
to show that MMP-2 and MMP-9 were increased in neutro- 
phils, endothelial cells, and macrophages soon after stroke. 
They also showed that systemic administration of neutraliz- 
ing antibodies to MMP-9 appeared to reduce brain injury 
after middle cerebral artery occlusion, suggesting that this 
MMP-9 is involved in neuronal damage after a stroke.^^ The 
observation that MMP-9 is increased in endothelial cells 
suggests that MMP-9 may be involved in vasculature remod- 
eling and weakening. Investigation of the gelatinases MMP-2 
and MMP-9 in a nonhuman primate middle cerebral artery 
occlusion/reperfusion model showed that MMP-2 was signif- 
icantly increased soon after stroke, whereas MMP-9 was only 
increased in subjects with hemorrhagic transformation.^* 
Bruno et aP^ found a correlation between MMP-1 and 
MMP-2 and matrix remodeling. Overall, the studies suggest 
that at least 2 MMPs may be directly involved in the 



progression of stroke and hemorrhage, specifically MMP-2 
and MMP-9. Pharmacological inhibition of MMPs with a 
nonspecific inhibitor has also previously been shown to 
reduce edema in a rat collagenase model.^^ 

Regarding infarct rate and volume, we observed that 
BB-94 administration before tPA produced a trend for a 
reduction in infarct rates, which suggests that MMPs may 
also be involved in the ischemic response after embolization. 
This is in agreement with the findings of Romanic et al.^' 
However, although the rate of infarcts was slightly reduced, 
that is, there were fewer sites where infarcts were observed, 
there was a trend for larger areas of ischemic damage in the 
presence of BB-94 compared with tPA treatment. The reasons 
for this apparently contradictory finding require additional 
study and a more detailed quantitative assessment of infarct 
volumes and studies aimed at understanding the exact roles of 
MMPs in tissue damage after stroke. 

Additionally, MMPs have been shown to be involved in the 
production of cytokines in the CNS. Gearing et al* first 
demonstrated that the mature TNF-a precursor protein could 
be cleaved to biologically active TNF-a by several MMP 
enzymes, including the collagenase MMP-1, gelatinases 
MMP-2 and MMP-9, and stromelysins MMP-3 and MMP- 
7 31.32 MMP-2 and MMP-9 have previously been shown to be 
active in the processing of pro-TNF-a to TNF-a.' "-33 The 
authors also showed that specific MMP inhibitors such as 
BB-2284 could block the production of biologically active 
TNF-a,^ In addition to TNF-a being produced via an MMP, 
TNF-a can also induce MMPs (ie, MMP-9) in the CN 8.^^-36 
This perpetuates the production of MMPs, enzymes that may 
be deleterious to CNS vessels and membranes. Our findings 
with the nonspecific MMP inhibitor BB-94, which inhibits 
MMP-9, suggest that TNF-a production may mediate certain 
aspects of damage after thromboembolic stroke. Additional 
studies with more specific MMP inhibitors are required to 
delineate the role of various MMPs in stroke and in tPA- 
induced cerebral hemorrhage. 

Overall, our study is the first to show that effective 
combination drug treatments can be developed as novel 
treatments for stroke. In the present study preadministration 
of the MMP inhibitor BB-94 significantly reduced the tPA- 
induced hemorrhage rate and attenuated the brain infarct 
number. Thus, in effect, the administration of BB-94 im- 
proved the safety of tPA by reducing a side effect of tPA. 
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Tissue plasminogen activator (tPA) is the only therapeutic 
agent approved by FDA for treating ischemic stroke. In the 
NINDS study, tPA treatment group had a 1 0-fold increase in 
symptomatic intracerebral hemorrhage.' The increased hem- 
orrhage rate has substantially curtailed the application of tPA 
in treating patients with acute ischemic stroke. tPA has to be 
given in strict adherence to the treatment protocol based on 
the NINDS study to achieve the desirable benefit against the 
hemorrhagic risk. It has been estimated as few as 2% of all 
patients with ischemic stroke have received tPA in this 
country. Any measure that may reduce the incidence of. 
intracerebral hemorrhage associated with tPA may broaden 



its clinical use. In the preceding article by Lapchak and 
associates, a matrix metalloproteinase (MMP) inhibitor, BB- 
94, was found to be effective in reducing the hemorrhage rate 
in a thromboembolic stroke model in rabbits. MMPs, having 
been shown to cause the disintegration of vasculature^ are 
expressed after cerebral ischemia.^ Thus, inhibition of MMPs 
is an attractive therapeutic strategy to prevent intracerebral 
hemorrhage after tPA therapy. Results presented by Lapchak 
et al are encouraging and suggest that therapeutic attempts to 
reduce hemorrhage rate after tPA treatment should be further 
advanced in preclinical and then clinical studies. Results from 
the present study also raised a number of questions that 
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deserve further investigation. The first is the failure of BB-94 
to reduce the hemorrhage volumes. Because the method used 
by the group was a rather crude one, quantitative assessment 
of hemorrhage volumes are needed in future studies. Since 
BB-94 did not appear to reduce infarct volumes, the reduced 
hemorrhage rate could not be attributed to its potential 
neuroprotective effects. Factors other than MMPs, however, 
may also contribute to tPA-induced intracerebral hemorrhage. 
One plausible mechanism is reperfiision injury of the ische- 
mic vascular bed. Free radical spin-trapping has been shown 
to reduce the risk of intracerebral hemorrhage in rat models of 
stroke.^ Together, these findings raise the hope that therapeu- 
tic measures that prevent structural disintegration and/or 
reperfiision injury of the ischemic vascular bed may be 
developed to broaden the clinical use of tPA in ischemic 
stroke. 
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The effects of plasma proteins on controlling the ac- 
tivity of matrix metalloproteinases (MMPs, matrixins) 
have been the focus of numerous studies, although only 
a few have examined the influence of matrixins on 
plasma proteins. Recently, it has been shown that MMPs 
may play a role in the degradation of fibrin. We have 
now investigated the role of collagenase-2 (MMP-8), 
macrophage elastase (MMP-12), collagenase-3 (MMP-13), 
and membrane type 1-matrix metalloproteinase OVITl- 
MMP, MMP-14) in the degradation of fibrinogen and 
Factor XII of the plasma clotting system. Our data dem- 
onstrate that the catalytic domains of MMP-8, MMP-12, 
MMP-13, and MMP-14 can proteolytically process fibrin- 
ogen and, with the exception of MMP-8, also inactivate 
Factor XII (Hageman factor). We have identified the 
amino termini of the mtgor protein fragments. Cleavage 
of fibrinogen occurred in all chains and resulted in sig- 
nificantly impaired clotting. Moreover, rapid proteo- 
lytic inactivation of Factor XII (Hageman factor) by 
MMP-12, MMP-13, and MMP-14 was noted. These results 
support the hj^jothesis of an impaired thrombolytic 
potential of MMP-degraded Factor XQ in vivo, MMP- 
induced degradation of fibrinogen supports a plasmin- 
independent fibrinolysis mechanism. Consequently, 
degradation of these proteins may be important in in- 
flammation, atherosclerosiSt and angiogenesis, all of 
which are known to be influenced by MMP activity. 



The matrix metalloproteinases, MMPs^ and matrixins, form a 
family of structurally and functionally related zinc-ccntaining en- 
dopeptidases. Together they are able to degrade most of the con- 
stituents of the extracellular matrix such as basement membrane, 
collagens, proteoglycans, fibronectin, and laminin (1). Thus, they 
are implicated in connective tissue remodeling processes associated 
with embryonic development, pregnancy, growth, and woimd re- 
pair (2). The deleterious potential of the MMPs is normally con- 
trolled by the endogenovis and specific tissue inhibitors of metallo- 
proteinases or the more general nonspecific oig-macroglobiilin (3). 
Disturbance of the well balanced equilibrium of MMPs and tissue 
inhibitors of metalloproteinases results in pathological situations 
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such as rheumatoid and osteoarthritis, atherosclerosis, tumor 
growth, metastasis, and fibrosis (4-8). In addition to degradation 
of extracellular matrix constituents, plasma proteins such as ser- 
pins (9) or fibrinogen and cross-linked fibrin (10-12) are also 
cleaved. 

Fibrinogen is a 340-kDa dimeric glycoprotein consisting of a 
pair of three polypeptide chains Aa, B)3, and y that are inter- 
connected by 29 disulfide bonds. The amino termini of these 
chains are joined together in a central domain that can be 
isolated as a single fragment from a plasmin digestion of fi- 
brinogen (13). During blood coagulation, fibrinogen partici- 
pates in both the cellular phase and the fluid phase of blood clot 
formation (14, 15). Fibrinogen can be converted into an insol- 
uble fibrin clot as a consequence of thrombin-catalyzed removal 
of fibrinopeptides A (FpA, Aa-(20-35))2 and B (FpB, B/3-(31- 
44)) from the Aa and B/3 chains (16). 

In addition to the ordinary route of thrombin generation (17) 
via the tissue factor pathway, an alternative route exists that is 
initiated by the activation of Factor XII (Hageman factor) (18). 
The activation of Hageman factor to yield active a-Factor Xlla 
takes place by a single cleavage at ^''^RiV^'^^ (numbering 
includes signal peptide) (19). Eventually, cleavage at 
11^354 ajjji 362R | l363 jg^ds to the /3-Factor XII (20), which 
still exhibits full catalytic activity. After several more steps of 
zjnmogen activation, this alternative route leads into the ordi- 
nary pathway of blood coagulation, terminating in the proteo- 
lytic conversion of fibrinogen into fibrin. 

The purpose of this work is to examine the role of MMPs in 
the degradation of fibrinogen and Factor XII. We therefore 
examined the clotting of MMP-digested fibrinogen to support 
the idea that some of the biological functions of fibrinogen 
might be hampered (11). In addition to this, the previously 
unreported degradation (and inactivation) of Factor XII is 
shown here. All digestions were subjected to SDS-PAGE fol- 
lowed by automated sequencing to characterize the generated 
fragments and identify the cleavage sites. 

EXPERIMENTAL PROCEDURES 

Materials — Lyophilized human fibrinogen (F4883, >95% clottable 
and essentially plasminogen-free according to the manufacturer) was 
purchased from Sigma and dissolved to a final concentration of 2 mg/ml. 
Thrombin and Owren*8 Veronal buffer (28.4 mM sodium barbital in 125 
mM NaCl, pH 7.35) were supplied by DADE (Aguada). EDTA and the 
synthetic serine proteinase inhibitor Pefabloc* SC (4-(2-aminoethyl)- 
benzenesulfonylfluoride hydrochloride) were delivered from Merck. The 
chromogenic thrombin substrate S-2302 was supplied by Chromogenix 
(Moelndal, Sweden). Active recombinant human cdMTl-MMP-dle"'*- 
De'*®) and cdMMP-8-(Met**-Gly*'*) were prepared as described previ- 
ously (21, 22). Active human neutrophil gelatinase B (MMP-9) was 
purified as described previously (23). Active human recombinant 
cdMT2-MMP was a generous gift from Dr. Horst Will of INVITEK, 



^ Numbering of amino acids includes signal peptide sequences. 
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Berlin-Buch, Germany (24). The cdMMP-12 cDNA (base pairs 310- 
801) was obtained by reverse transcription-polymerase chain reaction 
from total RNA isolation of placental tissue. The fragment was ligated 
into the vector pET-lla. pET-lla/cdMMP-12 was transformed into 
Escherichia coli strain BL-21(DE3). Cells were grown to mid-log growth 
phase (Aggo, 0.6) and induced with isopropyl-^-D-thiogalactopjrranoside 
for 3 h. Harvested cells were lysed, and the overexpressed protein was 
isolated as inclusion bodies. The inclusion bodies were dissolved in a 
urea buffer and dialysed three times against Tris buffer. The protein 
was purified by affinity chromatography (25). After elution with urea 
buffer, cdMMP-12 was refolded by dialyzing three times against Tris 
buffer, pH 7.5. The proAMMP-13 cDNA (base pairs 71-805) was am- 
plified by polymerase chain reaction from the plasmid pEMBLrl9 con- 
taining the complete cDNA for procollagenase-3 derived by reverse 
transcription-polymerase chain reaction from total RNA isolated from 
breast cancer cells (26). The resulting 734-base pair fragment was 
cloned into the expression vector pET-12b and£. coli strain BL21(D£3). 
The expression and purification of the inclusion bodies were performed 
as described for cdMMP-12. The protein was purified by Q-Sepharose 
chromatography and gel filtration with Sephacryl S-100. The isolated 
proAMMP-13 was activated before use by incubation with 5 mM HgClj 
for 2 h at 37 'C. 

Activity Assays — MMF activity was determined by gelatin zymogra- 
phy (27) an;d by a continuous assay using MCA peptide ((7*methoxy- 
coumarin-4-yl)acetyl-Pro-Leu-Gly-Leu-(3-(2, 4-dimtrophenyll -1-2-3- 

diaminopropionyD-Ala-Arg-NHs) as a synthetic substrate (28). 

Digestion of Fibrinogen by MMPs — ^Fibrinogen was incubated with 
cdMMP-8 in a 1:60 enzyme/substrate molar ratio at 37 *C for different 
time intervals. In the case of cdMMP-12, MliiIP-13, and MTl-MMP, a 
ratio of 1:10 was employed. All reactions were performed in 20 mM 
Tris-HCl buffer, pH 7.3, containing 100 mM NaCl, 5 mM CaClg, 0.3 
mg/ml Pefabloc* SC, and 100 fiM ZnClg. Digestions were terminated by 
addition of 0.1 ^1 of EDTA (0.1 /imol) and a third part of denaturing 
buffer (50 mM Tris-HCl pH 6.8, containing 1% SDS. 8 M urea, 30 mM 
NaCl, 1% 2-mercaptoethanol, and 0.05% bromphenbl blue). All reaction 
products were subjected to SDS-PAGE. 

SDS-PAGE— All reaction products were subjected to SDS-PAGE on 
10% gels under reducing conditions followed by silver staining (29). The 
molecular weights of apparent bands were estimated (30). 

Determination ofThrombin-induced Clotting of cdMTl-MMP -treated 
Fibrinogen—The clotting time of odMTl-MMP-treated fibrinogen was 
determined with a semiautomatic coagulometer by the functional 
method of Clauss (31). 1.03 mg of fibrinogen (3.97 nmol) in Owren's 
Veronal buffer was preincubated for different time intervals at 37 'C 
with the corresponding amount of MMP-8, MMP-12, MMP-13, and 
MTl-MMP, respectively. Substrate cleavage was stopped by adding a 
10 X molar excess of BB-94. Clotting was initiated by adding 200 of 
thrombin (90 NIH units/ml) to 200 /xl of the pre-warmed (37 'C) fibrin- 
ogen sample. A timer was started with addition of the thrombin solution 
and halted automatically at the point of clotting by a metallic oscillator. 
Under the conditions used, clotting time depended mainly on the con- 
centration of fibrinogen. The concentration of the remaining clottable 
fibrinogen was calculated from the clotting time according to a calibra- 
tion curve that was established with known amounts of untreated 
fibrinogen. 

Amino Acid Sequence Analysis — After enzymatic digestion Factor 
XII fragments were directly separated by SDS-PAGE on 10% gels and 
electroblotted to a PVDF membrane (32). Fibrinogen digestion products 
were first separated by reverse-phase HPLC and then run on 10% gels 
under reducing and denaturing conditions. After transferring the pro- 
tein fragments to a PVDF membrane in 50 mM borate/NaOH buffer, pH 
9.0, containing 20% methanol, the membrane was stained with Coo- 
massie Brilliant Blue R-250 solution. Protein bands were cut out of the 
membranes and subjected to automated sequencing on a Knauer gas- 
phase sequencer with online phenylthiohydantoin-derivative amino 
acid identification (33). 

Reverse-phase HPLC— To identify the MMP cleavage sites in fibrin- 
ogen, a sample of the digested protein was subjected to separation by 
reverse-phase HPLC using a Bakerbond C|B-wide pore column. Elution 
of fibrinogen fragments was performed at ambient temperature using a 
gradient obtained with 0.1% trifluoroacetic acid (solvent A) and 0.09% 
trifluoroacetic acid in 80% acetonitrile (solvent B). Column flow rate 
was 0.6 ml/min. OUected fractions were lyophilized, diluted in dena- 
turing buffer, subjected to SDS-PAGE, and electroblotted to a PVDF 
membrane. 

Functional Factor XII Determination — 50 ^il of Factor XII (400 ix^ 
ml) was incubated with 5 of active MMP (200 ^ml) in 50 nM 
Tris-HCl, pH 7.3, containing 100 mM NaCl, 5 mM CaCla, and 100 ^ 



234 56789 10 




B 



12 3 456789 10 




Fig. 1. Time course of fibrinogen digestion by cdMTl-MMP (A) 
and cdMMP-12 (B). At the indicated time intervals aliquots were 
taken, and digestion was stopped by adding EDTA and denaturing 
buffer. Samples were denatured and then electrophoresed on 10% SDS 
gels. A, fibrinogen was digested by cdMTl-MMP in a 1:10 enzyme/ 
substrate molar ratio for 3 h at 37 *C. Samples were taken at 0, 1 min, 
5 min, 15 min, 30 min, 1 h, 2 h, and 3 h. Lane 1, low molecular mass 
standards; lane 2, fibrinogen at time 0; lanes 3-9, samples taken at 
indicated time intervals; lane 10^ fibrinogen after 3 h of incubation with 
buffer alone. B, MMP-12-induced fibrinogen degradation was per- 
formed with a 1:10 enz3nme/substrate molar ratio. The reaction mixture 
was incubated at 37 'C for up to 2 h. Samples were taken at the 
indicated time intervals. Lane J, low molecular mass standards; lanes 
2-9y reaction mixture after 0, 2, 4, 8, 15, 30, 60, and 120 min of 
incubation; lane 10, fibrinogen after 2 h incubated with buffer alone. 

ZnClg for 45 and 90 min at 37 **C. After the incubation time was over, 1 
/iJ of batimastat solution (1 mg/ml) was added and incubated for 5 min 
to inhibit MMP activity. 50 ^1 of this solution was mixed with 100 ^1 of 
S-2302 solution (4 mM) and the absorbance at 405 nm (reference: 490 
nm) was measured with an interval of 2 min for 32 min overall. Meas- 
urements of the buffer alone, the batimastat solution, the active MMP 
alone, and the Factor XII solution without active MMP were taken as 
controls. 

RESULTS 

MMP'induced Degradation of Fibrinogen — We examined the 
catabolic activities of several MMPs on fibrinogen. Samples of 
digestion were taken at different time intervals, heat-treated in 
denaturing buffer, and subjected to SDS-gel electrophoresis. 
The time course of fibrinogen degradation after incubation with 
cdMTl-MMP is shown in Fig. lA. Under reducing conditions in 
SDS gels, fibrinogen was separated into its subunits. The Aa, 
BjS, and y chains could be distinguished. The catalytic domain 
of MTl-MMP digested fibrinogen rapidly and extensively when 
an enzyme/substrate molar ratio of 1:10 was employed. cdMTl- 
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Table I 

Depiction of the identified NH2-terminal sequences ofHPLC fractions 



Fibrinogen was subjected to MMP-deavage, and the resulting frag- 
ments were isolated. The amino add sequences were determined by 
automated Edman degradation. 



Enzyme 


kDa 


NH2-tenninal sequence^ 


Origin 


MMP-8 


68 


2'^ADSGEGD 


a-chain 




32 


^ADSGEGD 


a-chain 




30 


**ADSGEGD 


a-chain 




13 


***LRTGKEKV 


• a-chain 




12 


*^=UITGKEKV 


a-chain 




10 


**UITGKEKV 


a-chain 


MMPrl2 


50 


=^ADSGEGD 


a-chain 




30 . 


*°ADSGEGD 


a-chain 




25 


*°ADSGEGD 


a-chain 




16 


640FVSETESRG 


a-chain 




13 


*33LVTSKGDK 


a-chain 




12 


MopvsETESRG 


a-chain 


MMP-13 


45 


2'YVATRDN 


y-chain 




35 


ND* 




32 


^°ADSGEGD 


a-chain 




28 


"^RNSVDJOuNXN 


'0-chain 




16 


ND 




14 


'*^2LRTGKEKV 


a-chain 


MMP-14 


45 


"YVATRDN 


y-chain 




38 


^o^XDAATLKSR 


y-chain 




35 


^^LTYNPDES 


y-chain 




15 


105LTTNIXEXL 


a-chain 




13 


433LVTSKGDKE 


a-chain 




6 


"^FXSANNRD 


a-chain 



" The numbering of amino acids of all proteins includes signal peptide 
sequence. 
* Not determined. 



MMP treatment of fibrinogen resulted in the complete disap- 
pearance of fibrinogen a-chain after a 1-min incubation. In 
turn, several smaller a-chain fragments with molecular masses 
of 15, 13, and 6 kDa became apparent and coiild be identified. 
During fibrinogen digestion, progressive decreases of the 56* 
kDa B^-chain and the 47-kDa y-chain were observed, leading 
to y-chain fragments sized at 38 and 35 kDa, respectively. 
These fragments underwent further degradation to yield uni- 
dentified smaller digestion products. Thus, after 30 min of 
incubation no remaining /3-chain could be visualized, and after 
2 h the y-chain was also completely cleaved. With MMP- 12, 
quick disappearance of the fibrinogen a-chain could also be 
observed. No corresponding band was visible after a 2-min 
incubation. Fig. IB shows that the bands indicating fi- and 
y-chains were diminished to a lesser extent than observed with 
MMP-14. 

Consistent with the observation of fibrinogen fragmentation, 
the generation of lower molecular mass products was noted 
with time leading to a set of bands. Of these, six could be 
identified by means of amino acid sequence analysis (Table I). 
Generally, we observed fast degradation of the fibrinogen 
a-chain by MMP-8, MMP- 12, MMP-13, and MTl-MMP. At 
longer incubation times, degradation of p- and y-chaixis were 
also noted. The identified amino termini of the generated fi- 
brinogen fragments are summarized in Table I. 

Characterization of Fibrinogen Fragments — To identify the 
fibrinogen fragments generated by cdMMP-13 and cdMMP-14, 
respectively, separation by reverse-phase HPLfC was per- 
formed. Fig. 2 shows a typical HPLC profile for MTl-MMP- 
digested fibrinogen. We analyzed the homogeneity of the vari- 
ous peak fractions by subjecting a sample of each fraction to 
SDS-PAGE under reducing conditions. Fractions containing 
more than one fragment were separated by SDS-PAGE and 
electroblotted onto a PVDF membrane. 

Effect ofMMPs on the Thrombin-induced Clotting of Fibrin- 
ogen — To further characterize the effect of fibrinogen degrada- 
tion by MMPs, the clotting of digested fibrinogen was measured 
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Fio. 2. HPLC elution profile of fibrinogen digestion products. 
After 2 h of incubation with cdMTl-MMP and cdMMP-13, respectively, 
the reaction mixture was injected onto the column. To achieve a satis- 
factory separation of the generated fragments, an acetonitnle gradient 
of 0-60% B in 35 min, 60-100% B in 40 min, (see '^perimental 
Procedures") was employed. The fiow rate was 0.6 ml/min. 19 fractions 
(see corresponding numbering) were collected, lyophilized, and ana- 
lyzed by SDS-PAGE. 

by the functional method of Clauss (31). Fibrinogen was incu- 
bated with cdMMP-8, cdMMP-13. cdMMP-12, and cdMMP-14, 
respectively, for up to 2 h, and after stopping the fibrinogen 
degradation by adding a 10-fold molar excess of BB-94, the 
clotting capability of fibrinogen was measured. Fig. 3 shows the 
amount of clottable fibrinogen measured at different points of 
time. The individual fibrinogen concentrations were calculated 
firom standard dose-response curves of fibrinogen concentra- 
tions versus clotting time. After an 8-min incubation with 
cdMTl-MMP, remaining fibrinogen clotting activity was al- 
ready reduced to approximately 68%. Moreover, the clotting 
was reduced to an even greater extent when fibrinogen was 
incubated with MMP-8, MMP-12, or MMP-13, respectively. 
These results indicate a markedly impaired coagulant activity 
of MMP-treated fibrinogen compared with normal fibrinogen. 
Similar results were obtained by measuring clotting of MMP-8, 
MMP-12, or MMP-13-treated fibrinogen (see Fig. 3). 

Degradation of Hageman Factor by MMPs — To investigate 
the cleavage of Factor XII by MMP-13, reagents were incubated 
at 37 °C for up to 3 h (see Fig. 4A). The proteolytic cleavages 
resulted in breakdown of Factor XII into several fragments 
within minutes. With SDS-PAGE, after 4 min of incubation, 
two intermediate bands became apparent at 45 and 30 kDa, 
respectively. Prolonged incubation led to further degradation 
and disappearance of these fragments, and bands of lower 
molecular weight became visible (27 and 22 kDa, respectively). 
Amino-terminal sequence identification of these fragments 
showed that cleavage occurred at the beginning of the type II 
fibronectin-like and the epidermal growth factor-like domains. 
Moreover, a cleavage within the catalytic region was identified 
four residues downstream of the kallikrein cleavage site that 
leads to the activation of Factor XII. It is noteworthy that the 
firagment Leu^'^'^-Ser^" generated by MMP-12, MMP-13, and 
MTl-MMP did not show any catal3rtic activity against the 
chromogenic substrate S-2302. 

In addition to this, we have discovered that Factor XII can- 
not be activated by kallikrein after MMP-induced cleavage. 
This was shown by a separate experiment in which latent 
Factor XII was subjected to treatment by MMPs and tested for 
activation with the synthetic substrate S-2302. After addition 
of kallikrein, the control of untreated Factor XII yielded the 
expected cleavage of the chromogenic substrate whereas MMP- 
digested Hageman factor showed no activity. 

Cleavage of Hageman factor by cdMMP-12 is an as yet tm- 
known capability of this matrix metalloproteinase. The time 
course of this degradation is shown in Fig. 4B. The amino 
termini were also identified as His^® and Leu^^'' after cleavage 
by MMP-13. The amino terminus Tyr^^ at the beginning of the 
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Fig. 3. Effect of MMPs on the thrombin-induced clotting of 
fibrinogen. Clotting was expressed as the percentage of clottable pro- 
tein after incubation with cdMMP-S, cdMMP-12, cdMMP-13, and 
cdMTl-MMP, respectively, in a time-dependent manner. The clotting of 
untreated fibrinogen (control, time point: 0 min) was set to 100%. 
Values are the mean of two determinations, and the standard devia- 
tions are <10%. 



type II fibronectin-like domain was identified as a yet imknown 
cleavage site generated by cdMMP-12. Moreover, the specificity 
for the cleavage site of hiiman metalloelastase (HME) at resi* 
due Leu^^° at the beginning of the catalytic region was also 
unknown. Cleayage of Hageman factor by MMP-14 generates 
fragments with approximate molecular masses of 50, 45, 33, 
30, and 12 kDa. The identified amino terminus Leu^'^'' was 
the same as that obtained with MMP-12 and MMP-13. The 
amino-terminal residue Leu^^^ was also generated by MMP-14 
(Table 2). 

DISCUSSION 

Proteolytic Degradation of Fibrinogen — The data presented 
in this work demonstrate the fibrinogenolytic activities of the 
catalytic domains of MMP-8, MMP-12, MMP-13, and MTl- 
MMP. All enzymes degrade predominantly the Aa-chain of 
fibrinogen and at longer incubation times the Bp-chain and 
y-chain as well. The structural alterations in fibrinogen caused 
by different concentrations of the employed matrix metallopro- 
teinases w^re analyzed by electrophoresis of treated fibrinogen 
in polyaczylamide gels under denaturing and reducing condi- 
tions. We found that the MMP-treated fibrinogen was rapidly 
degraded to lower molecular mass intermediates (Fig. 1). At 
the earliest time point (1 min), the Aa-chains were almost 
completely cleaved whereas the B/3- and 7-chains were appar- 
ently unaffected. When the incubation time was extended to 
3 h, the staining intensities of the /3- and T^chains were also 
diminished. Most of the generated fibrinogen fi-agments were 
identified by amino-terminal sequencing (see Table 1). Se- 
quencing data revealed that these firagments resulted mainly 
from cleavages in the Aa- and y-chains of fibrinogen (Fig. 5). 
However, we were not able to determine the amino termini of 
all generated fragments. Amino acid sequence analysis of yet 
unidentified digestion products is currently being performed. 

Effect of MMPs on the Thrombin-induced Clotting of Fibrin- 
ogen — To determine whether MMP treatment of fibrinogen 
influences thrombin-catalyzed fibrin polymerization, we meas- 
ured the clotting time of fibrinogen after digestion with 
cdMMP-8, cdMMP-12, cdMMP-13, and cdMTl-MMP. The clot- 
ting time reflected the amoimt of intact fibrinogen remaining 
after proteolytic attack by the individual matrixin. 

We have proven that the degradation of fibrinogen by MMPs 
resulted in a loss of fibrinogen function. Under the applied 
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Fig. 4. Time course of Factor XII digestion by cdMMP-13 (A) 
and MMP-12 (B). At the indicated time intervals aliquots were taken 
and the digestion was stopped by adding EDTA and denaturing buffer. 
Samples were then electrophoresed on 10% SDS gels. A, Factor XII was 
digested by cdMMP-13 in a 1:30 enzyme/substrate molar ratio for 3 h at 
37 'C. Samples were taken at 0, 4, 8, 16, 32, 64, and 128 min. Lam J, 
low molecular mass standards; lams 2-8, samples taken at indicated 
time intervals; lane 9, Factor XII after 3 h of incubation with buffer 
alone; and lane 10 ^ active cdMMP-13 (control). B, digestion of Hageman 
factor by MMP-12 was done with an enzyme to substrate ratio of 1:10 
for up to 2 h at 37 "C, Samples were taken at 0, 2, 4, 8, 15, 30. 60, 90, 
and 120 min. Lane i, low molecular mass standards; lanes 2-10, sam- 
ples taken at the indicated time intervals. 

Table II 

Identified NHs-terminal sequences of MMP-cleaved Hageman factor 
Factor XII was degraded by MMPs and the generated NHg termini 
were isolated and identified by Edman degradation. 



Enzyme 


kDa 


NHg-tenninal sequence" 


Origin 


MMP.12 


43 


^^HKYKAEEHT 


type II FN 




43 


**YKAEEHTV 


type II FN 




32 


^"LTRNGPL 


catalytic region 




30 


^"LVALRGAH 


catalytic region 




20 


«»°LRGAHPY 


catalytic region 


MMP-13 


45 


=^*HKYKAXEH 


type II FN 




43 


'^^VKDHXSKH 


growth factor 




30 


^^'LVAXRGAH 


catalytic region 




27 


"'LVAXRGAH 


catalytic region 


MMP-14 


70 


VOOCEAXKEH 


NHg-terminus 




45 


ND* 




33 
30 


^^LTRNGPL 
'"LVALRGA 


catal3^ic region 
catalytic region 



° The numbering of amino acids of all proteins includes signal peptide 
sequence. 
^ Not determined. 



conditions, fibrinogen showed dramatically impaired clotting 
ability. In this context, we would like to mention that we were 
not able to determine correct clotting times of fibrinogen sam- 
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Pig. 5. Simplified model of the fibrinogen molecule and its 
cleavage sites for cdMTl-MMP. Only one-half of the ssonmetrical 
molecule is shown. The locations of the putative adhesive sites identi* 
fied for ttub^g integrins are indicated in bold letters. These include RGD 
both at the amino and carboxyl termini of the a-chain and the dode- 
capeptide sequence HHLGGAKQAGDV at the carboxyl terminus of the 
y-chain, respectively (53). The cleavage sites for the individual MMPs 
are indicated by corresponding arrows. 



pies digested for times shorter than 5 min because of a delayed 
termination of MMP-mediated fibrinogen degradation by addi- 
tion of BB-94. Thus, the determined concentrations of func- 
tional fibrinogen in the early stage of digestion appear to be too 
low. Nevertheless, the obtained data show that treatment of 
fibrinogen with matrixins prevents the self-assembly of large 
protofibrils and fibers. The clotting of fibrinogen was studied 
with in vitro assays because the catalytic domain of MTl-MMP 
was not enzjonatically active in stabilized hmnan plasma due 
to the presence of citrate or EDTA. The physiological signifi- 
cance of our findings refers to the obviously altered coagulant 
properties of digested fibrinogen. This fact may influence a 
number of cellular events including tumor growth, wound heal- 
ing, and cell-attachment. Fibrinogen mediates cellular adhe- 
sion of a number of different cell types including thrombocytes, 
endothelial cells, and tumor cells. 

Fibrinogen contains RGD sequences both at the amino and 
carboxyl termini of the a-chain. These sequences as well as the 
carboxyl terminus of the y-chain bind to the platelet glycopro- 
tein Ilb-IIIa (integrin aubPHs) (34, 35). During incubation of 
fibrinogen with cdMTl-MMP, both Aa-chain RGD sequences 
were removed as well as the y-chain dodecapeptide sequence 
(see Fig. 4). With MMP-8, MMP-12, and MMP-13, at least one 
of the RGD motifs is released. These cleaved fibrinogen ft*ag- 
ments may still be recognized by and bound to glycoprotein 
Ilb-IIIa. Nevertheless, platelet aggregation may be inhibited 
because the binding peptides are no longer interconnected. 

The data presented in this study show for the first time the 
degradation of Factor XII of the blood clotting system by matrix 
metalloproteinases. MMP-12, MMP-13, and MMP-14 cleave at 
Gly^^® i Leu^^^. This cleavage site lies four residues down- 
stream of the kallikrein cleavage site. Conversion of latent 
Hageman factor into its active form, Factor Xlla, takes place 
with cleavage of the Arg^'^^ 1 Val^''* peptide bond (19, 36). How- 
ever, no activity of Factor XII can be observed after MMP- 
induced cleavage. Moreover, MMP-treated latent Hageman 
factor cannot be activated by kallikrein (results not shown). It 
is therefore conceivable that the activation of Factor XII re- 
quires the kallikrein-generated terminal positive charge of 
Val^'^^ to establish a stabilizing salt bridge as known from 
trypsin (37, 38). Fig. 6 displays the different cleavages of Hage- 
man factor by MMP-12, MMP-13, and MTl-MMP in compari- 
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Fig. 6. Block diagram of the Hageman factor molecule and 
cleavage sites for MMPs. Cleavage of MMP-12, -13, and -14 are 
compared with the naturally occurring cleavages by kallikrein leading 
to a- and j3-Factor Xlla, respectively. The cleavage sites for the indi- 
vidual proteinases are indicated by the corresponding arrows. 



son to the naturally occiuring cleavages by kallikrein. The 
effect of Factor XII cleavage by MMPs in vivo remains to be 
clarified because the ordinary route of thrombin generation 
takes place via the tissue factor pathway and is therefore 
independent of Hageman factor (18). 

The importance of plasma protein cleavage by MMPs has to 
be further investigated, especially in tumor cells and endothe- 
lial cells that express high levels ofMMPs. In 1995, the expres- 
sion of MTl-MMP mRNA transcript in vascular endothelial 
cells was demonstrated (39). This led to the speculation that 
this enzyme interacts not only with constituents of the extra- 
cellular matrix but also with blood components (12). Moreover, 
the enzyme was identified by polymerase chain reaction 
screening in human monocytes isolated firom peripheral blood 
(40). MMP-8 has also been shown to have a possible influence 
on plasma proteins afler secretion from polymorphonuclear 
leucocytes (9). Several cell lines, e.g. T-lymphocytes (41), 
macrophages, and endothelial cells (42), are known to express 
collagenase-3, which in turn can act on plasma proteins. The 
human metalloelastase is known to interact with several other 
plasma proteins (43, 44). 

There is evidence for the successive release of MMPs in 
buffycoat-depleted red cell concentrates of blood donors during 
storage (45, 46). It is anticipated that these matrixins may also 
have the same mode of action in vivo. Taken together, these 
findings are consistent with an interaction ofMMPs with blood 
components, especially with plasma proteins of the clotting 
system. 

Consequences — ^The important role of matrixins in tumor 
invasion is suggested by a large niunber of correlation studies 
demonstrating a direct relationship between increased expres- 
sion of proteases in tumor tissues and their invasive and met- 
astatic behavior (47). Recently, several groups have shown the 
degradation of several plsisma proteins by some MMPs. Our 
experiments clearly support the findings that proteolytic activ- 
ity of matrixins is not restricted to extracellular matrix com- 
ponents. Moreover, the spectrum for MMPs is broader, now 
including proteins involved in hemostasis like fibrinogen (Fig. 
5 and Reis. 10 and 11 ), Factor XII (Fig. 6), plasminogen (48), 
and plasmin (43). These data suggest that MMPs in interaction 
with plasma proteins may play a role in the control of coagu- 
lation. In this work, we demonstrate a possible down-regula- 
tion of thrombotic potential caused by the impact of MMP on 
proteins participating in coagulation processes. This is an im- 
portant finding that goes beyond physiological and pathological 
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conditions. Moreover, with respect to the successive release of 
MMPs from residual leiikocytes during storage (9, 45, 46, 49), 
degradation of plasma proteins by MMP-8, MMP-9, MMP-12, 
and MMP-13 may occur when administering red cell concen- 
trates to patients. 

Comments — Our experiments were conducted with carboxyl- 
terminal truncated enzymes. It had been suggested that the 
substrate specificity of matrixins is attributed to the presence 
of the hemopexin-like domain at the carboxyl terminus of most 
of the MMPs (50). However, D'Ortho et al. (51) compared the 
substrate specificity of the catal3rtic domain of MTl-MMP with 
that of a variant of MTl-MMP containing the cataljrtic domain 
and the carboxyl -terminal hemopexin-like domsdn. These au- 
thors noted that both enzyme variants degraded the same 
substrates with comparable efficiency with the exception of the 
triple-helical collagens I and III. Cleavage of coUagens required 
the presence of both the catalytic and the hemopexin-Hke do- 
main. This matrixin domain appeared to have no role in the 
proteoljrtic specificity directed toward other substrates. We 
made the same observation with MMP-8, MMP-9 (52), and 
MMP-14 (results not shown). 
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